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CHANGES I N  PERSONNEL 

The Laboratory s t a f f  has been s t rengthened during 1961 by t h e  

add i t i on  of n ine teen  new members. They a r e  a s  fo l lows:  

M r .  0. J .  Abeyta, Laborer 
M r .  R. M. Bula, Hydraulic Engineering Aid 
M r .  E .  J. Durban, Engineering Aid 
M r .  E .  D.  Escarcega, Engineering Draftsman 
M r .  J .  R. Griggs, Phys ica l  Science Technician 
Miss C .  E .  Hansen, Clerk-Stenographer 
M r ,  J.  M. Hernandez, Laborer 
M r .  C .  G .  H ie se l ,  Machinist  Helper 
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M r .  J .  M. R. Martinez, Laborer 
M r .  W. C .  McDonnell, A g r i c u l t u r a l  Aid 
M r .  J. B.  M i l l e r ,  Phys ica l  Science Technician 
M r .  K .  G .  Mull ins ,  Phys ica l  Science Aid 
Mrs. M. M. P h i l l i p s ,  L ib ra r i an  A s s i s t a n t  
M r .  W .  E. Reeves, Phys ica l  Science Aid 
M r .  A.  L. Sandecki, Physical  Science Aid 
Miss M. A.  S e i l e r ,  Clerk-Stenographer 
M r .  B. W .  Ti lden,  A g r i c u l t u r a l  Aid 

Also during 1961 t h e r e  were e i g h t  r e s igna t ions  and one 

t r a n s f e r .  They a r e  a s  fol lows:  

Mrs. R.  C .  Berthold,  Clerk-Stenographer 
M r .  J. W .  Evans, Physical  Science Aid 
M r .  C.  W .  Kohli ,  Engineering Technician 
M r .  R. C .  McClain, Engineering Draftsman 
M r .  R ,  L. Mendez, Laborer 
M r ,  F. E. Osunap Machinist  Helper 
M r .  C. F. Redman, A g r i c u l t u r a l  Aid 
M r ,  G .  B. Smith, Agr i cu l tu ra l  Aid 
Mrs. A .  M. Richard (Schreyer) ,  Clerk-Stenographer - t r a n s -  

f e r r e d  t o  t he  Department of t h e  Navy a t  Pomona, C a l i f o r n i a .  

The Laboratory s t a f f  i s  now e s s e n t i a l l y  a t  f u l l  s t r e n g t h  wi th  

one o r  two except ions.  
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TITLE : CALIBRATEON OF ,,uroUAWCE NETWORK ON ELECTRICAL AMXLOG 

LINE PROJECT: SWC: 4-861 

INTRODUCTION : 

Prior t o  solving flow systems on the res i s t ance  network analog, 

the network arrangement used i n  the analyses must be checked for  

e r ro rs  i n  ca lcula t ing and s e t t i n g  res i s t ance  values.  The most ef fec-  

t i v e  way t o  do t h i s  i s  t o  impose on the network uniform one-dimensional 

flow and t o  compare measured flow r a t e s  and po ten t ia l s  with calculated 

values. An example of such a eal . ibrat ion w i l l  be presented for  the 

network arrangement which i s  to be used i n  recent ly  i n i t i a t e d  analog 

s tud ies  t o  evaluate the e f f ec t  o ground-water table,  water depth i n  

canal, and bottom-conducti.vity condi.tions on seepage and d i s t r i bu t i on  

of seepage from canals,  

PROCEDURE : 

The network arrangement used in the analyses i s  shown i n  f igure  1. 

To impose one-dimensional uniform flow on t h i s  system, the "canal was 

f i l l e d  with s o i l "  so as t o  lead the flow system a rectangular  geometry. 

Electrodes were then placed along the surface and the bottom of the 

network and a po ten t ia l  d i f ference between the electrodes was applied 

t o  simulate v e r t i c a l l y  downward flow, The procedure was repeated with 

v e r t i c a l  electrodes on the l e f t  and on the r i g h t  s i de  of the system t o  

simulate one-dimensional hor izonta l  flow, 

The un i t  r es i s t ance  of the network was 200 ohms, which corresponds 

t o  an hydraulic conductivity of 11200 un i t s ,  Because of the non-uniform 

mesh s izes ,  actual  r es i s t ance  values on the analog board ranged from 
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33 t o  3200 ohms, Diagonal r e s i s t o r s  were used i n  the t r an s i t i on  t o  

subdivided meshes, 

RESULTS AND DISCUSS ION : 

Vert ica l  flow. The l i n e  of zero-resistances a t  80 length un i t s  

from the l i n e  of symmetry, which represents  i n f i n i t y  o r  open boundary 

conditions, was removed and electrodes were i n s t a l l ed  connecting the  

network points  a t  the top and a t  the bottom of the network, respec- 

t i v e l y ,  The dimension of the flow system normal t o  the flow d i rec t ion  

was thus half  way between the two l a s t  l i ne s  of r e s i s t o r s ,  o r  76 length 

u n i t s ,  Thus, the rectangular  flow system was 76 length un i t s  wide and 

100 length un i t s  deep. Imposing a d i f ference of 1,00 po ten t ia l  u n i t s  

between the e lect rodes  a t  the top and a t  the bottom of the system 

should, according t o  the Darcy equation, y ie ld  a flow of 

1 - 
200 x 7 6 x V =  0.0038 flow un i t s ,  The measured flow was 0.00379 100 

amps, y ie lding an e r ro r  of only 0.26%. The measured po ten t ia l s  a t  

the  network nodes were a l l  within 1% of the calculated values, and 

most po ten t ia l s  were within 0,5%, 

Horizontal flow, To obta in  horizontal  one-dimensional flow, 

the zero-resistances i n  the l i n e  100 network un i t s  below the surface 

were disconnected, so t ha t  the boundary of the flow system was half  

way between 68 and 100 ungts, o r  84 un i t s .  The dimension i n  the di rec-  

t i on  of flow i s  80 length un i t s ,  so t h a t  0,8 po ten t ia l  un i t s  d i f ference 

between the e lect rodes  a t  the r i g h t  and a t  the l e f t  of the system 

should y ie ld  a flow of 0,8 x 84 x - = 0.0042 flow un i t s .  The 
80 

measured flow was 0,00422 amps, y ie lding an e r ro r  of only 0.48%. 
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Almost a l l  po ten t ia l s  a t  the nodes were within 0,5% of the calculated 

values and a few were within I%, 

SUMMARY AWD CONCLUSIONS: 

The accuracy of a network arrangement was t es ted  fo r  a network t o  

be used i n  an analys is  of fac to rs  control l ing canal seepage, The net-  

work was temporarily supplemented with r e s i s t o r s  i n  the simulated 

canal so as t o  form a system of rectangular  geometry, Measured flow 

r a t e s  and po ten t ia l s  were then compared with calculated flow r a t e s  

and po ten t ia l s  f o r  one-dimensional uniform v e r t i c a l  flow and horizontal  

flow, respect ively ,  The r e s u l t s  showed, t ha t  the ove ra l l  accuracy of 

the network instrumentation was within 0,5%. This i s  more than s u f f i -  

c ien t  f o r  a res i s t ance  network analog t o  be used i n  water management 

research. The accuracy of the network as a whole i s  much be t t e r  than 

the accuracy of the individual  r e s i s t o r s ,  which were cal ibra ted by 

hand. 

PERSONNEL : He Bouwer 

Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



TTTLB : HEAD ENVLROEmNT OF SEEPAGE 

LINE PROJECT: SWC 4-g 

IrnODUCTION :: 

Seepage measurements with seepa e cups are based 0x3 rhe outflow 

from the cup when the pressure head ins ide  the cup equals t ha t  s f  the 

f r e e  water i n  the canal ,  This applies t o  the equal-bead technique as 

well  a s  t o  the  falling-head technique. For eha; faILinqgi;--head technique, 

the pressure head outs ide  the seepage cu Ls used as  regerenee l eve l  

(17) .  Normally, the pressure head surs ide  che se e cup i s  taken as 

the f ree  water surface i n  the cam1 above the see 

water, however, s tagnation a t  the upstream ace of tke seepa 

a tendency fo r  separation a t  the donst ream face, may cause the average 

"local" pressure head of the seepage cup to df roni the f ree  wat 

surface,  Using the terminology o er  (17), seepage 

measurement with cup-eype devices should be based 0x1 t h a t  pressure 

head ins ide  the cup whereby the l e a k a g ~  flow 1s zero, Pn s t i l l  water, 

t h i s  head i s  obvioushy the f ree  water leve b, I n  flowing water, however, 

veloci ty  d i s to r t ion  may cause the pressure head o zero leakage to  be 

not the same as  the f r e e  water s u r f a e ~  above the see 

Model s tud ies  were ca r r i ed  out  in a laboratory 

mine the e f f e c t  of the flow d i s t o r t i on  on the pressure enwfronment of 

the seepage cup, The study showed t ha t  v 1oci.t-y caused the auera 

pressure head around the seepage cup to  be somew below the f ree  

water surface,  Correction fac to rs  t o  convert th ree  water sur  

to  the zero-leakage head fo r  seepage measureme-t with seepa 

were developed, 
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With cup-type seepage meters, canal seepage i s  measured from a 

s t i l l  body of water whereas the na tu ra l  seepage takes place while the 

water i n  the canal i s  moving. For correct  in te rp re ta t ion  of the r e s u l t s  

of seepage meter t e s t s ,  therefore,  it i s  necessary t o  know whether velo- 

c i t y  has a d i r ec t  e f f ec t  on seepage r a t e ,  Contradictory opinions 

regarding t h i s  e f f e c t  e x i s t  and conclusive data a r e  t o  our knowledge 

not  available.  Model s tudies ,  carr ied  out i n  the same laboratory flume 

as  the head-environment s tud ies  of seepage meters, showed t ha t  veloci ty  

had no d i r ec t  e f f e c t  on seepage r a t e s ,  Thus, measuring seepage from 

flowing canals by means of s t i l l  water bodies, such as ins ide  seepage 

cups o r  ponded sections,  is  i n  pr inciple  cor rec t .  

PROCEDURE : 

A .  Head environment of seepage meters, 

The hydraulic flume, the t e s t  section,  and the procedure used i n  

the head-environment study fo r  seepage meters a r e  described i n  the 

Annual Report 1960. For convenience, the nomenclature w i l l  be repeated 

here . 
d = depth of penetrat ion of seepage cup i n  canal bottom 

D = depth of water i n  canal 

h = zero-leakage pressure head i n  seepage cup 

Ah = v e r t i c a l  distance of zero-leakage head below f ree  water 

surface, i , e  ., D-h, o r  correct ion fac to r  t o  be deducted 

from f ree  water surface to  obtain reference l eve l  fo r  

seepage measurement 

Rc = radius of seepage meter cup 
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V = veloci ty  of approach (undisturbed veloci ty  i n  bottom a t  

seepage cup locat ion)  

W := bottom width of canal 

B. 0 

The d i r ec t  e f f e c t  of veloci ty  on seepage was studied i n  the same 

t e s t  sect ion i n  the hydraulic flume as  the s tud ies  on head-environment 

of seepage cups, The t e s t  sect ion consisted of a water-tight box of 

the same width as  the flume. The box was 16 inches deep and four f e e t  

long. The open top of the  box was a t  the same e levat ion as the bottom 

of the flume, A layer of gravel  drained by perforated tubing was 

placed i n  the bottom of the box which was then f i l l e d  with uniform 

sand (mean p a r t i c l e  diameter 0,5 mm,) with the sand surface f lush  with 

the bottom of the flume, The sand surface was s t ab i l i z ed  with a p l a s t i c  

r e s i n  to  avoid erosion.  It was found tha t  20 pa r t s  of sand and one part  

of  r e s i n  by weight yielded su f f i c i en t  so l i d i f i c a t i on  and ye t  reduced 

permeability of  the sand by l e s s  than 30 per cent ,  The drainage system 

for  the box was connected by f lexible ,  t ransparent  tubing t o  a discharge 

device which was e s sen t i a l l y  a small constant l eve l  reservoir  which 

could be adjusted i n  e levat ion,  Piezometers were i n s t a l l ed  i n  the 

gravel  t o  indicate  the s t a t i c  pressure head a t  the bottom of the sand 

i n  the box, Measurements were f i r s t  made t o  determine whether veloci ty  

had any e f f e c t  on s t a t i c  pressure conditions within the box, This was 

done by c0mparin.g s t a t i c  pressure heads measured a t  the bottom of the 

box with the f ree  water surface i n  the channel with the drainage 

system closed (zero seepage) fo r  a range of ve loc i t i e s ,  It was found 

tha t  veloci ty  had no influence on s t a t i c  pressures within the box, 
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Seepage r a t e s  were determined for  d i f f e r en t  velocities and 

d i f f e r en t  seepage i n t e n s i t i e s ,  The l a t t e r  were expressed as the 

difference between the e levat ion of the water surface i n  the flume 

and the elevation of the water surface i n  the piezometers i n  the 

gravel  a t  the bottom of the  box. Tests were always s t a r t e d  and 

concluded with ponded water to  asce r ta in  whether o r  not the sand 

charac te r i s t i c s  had changed during a s e r i e s  of t e s t s ,  

After completion of the t e s t s  with sand as  the channel bottom, 

the top 3 inches of the sand were replaced by one-half-inch gravel  

whick was a l so  s o l i d i f i e d  with p l a s t i c  r e s i n ,  The t e s t s  were then 

repeated with gravel  serving as the channel bottom i n  t h ~  t e s t  

sec t ion ,  

RESULTS AND DISCUSSION : 

A. Head environment of O 

As discussed i n  the an.nua1 repor t  1960, the r e s u l t s  were expressed 

2 
i n  terms of Ah(V /2g). The r e s u l t s  of a l l  t e s t s  f o r  the three cup 

s i z e s  employed i n  the model study were shown i n  terms of the arbi -  

t r a r i l y  se lected dimensionless parameter --------- as, a function 

D d v2/2g of - f o r  various --- - values (f igure I ) ,  The pos s ib i l i t y  of general i -  
W R 

G 

zation of the  data i n to  one graph suggests the absence of sca le  

e f f ec t s  and permits extension of the data t o  prototype dimensions.. 

d 
Extrapolation of the curves i n  f igure  1 shows t ha t  when - 

R 
c 

approaches a value of one, Ah approaches a value of zero, A t  t h i s  

condition, the flow between the region of pressure increase and pres- 

sure reduction around the seepage cup must mainly occur i n  the bottom 

mater ia l  around the s ide  of the cup and not under the cup, The 

Annual Report of the U.S. Water Conservation Laboratory



pressure ins ide  the cup i s ,  therefore,  equal to  the pressure i n  the 

bottom material  tha t  i s  unaffected by the pressure d i s t o r t i on ,  In  

the absence of seepage, t h i s  pressure is  obvl.ously the f ree  water 

d 
surface ,  Therefore, Ah becomes e s sen t i a l l y  zero wh.en 

exceeds a value of one, The curves i n  f igure  1 a l so  show tha t  

increasing the water depth (increasing tends t o  lower &I, but t 
3) 

that: the e f f e c t  of D on Ah becomes, very small fo r  - -, 
W values ex- 

ceeding 0.7, This e f f e c t  can be explained from a standpoint of 

const r ic t ing area and resu l t ing  stagnation pressures,  A t  small D, 

the cons t r i c t ion  due t o  the seepage cup i s  re la t$vely  large, so tha t  

increasing D w i l l  decrease Ah. The e f f e c t  of D on Ch, however, can 

be expected t o  cease when D I s  large ,  Thus, the e f f e c t  of  D i s  most 

pronounced when D i s  r e l a t i ve ly  small ,  

To estimate Ah fo r  ac tua l  conditions, one must know the approxi- 

mate bottom velocity,  the water depth, the bottom width of the channel 

and the diameter and depth of penetrat ion of the seepage cup, The 

value of the term 

i s  then determined from f igure  1 a f t e r  which Ah, which i s  the only 

unknown i n  t h i s  term, can be computed, The appropriate reference 

pressure head fo r  seepage measurement i s  then a distance Ah below the 

f r ee  water surface.  For the flume i n  which the model s tud ies  were 

performed, the bottom veloci ty  ranged from 80% of the average veloci ty  

fo r  the lower .veloci t ies  to  90% of the average veloci ty  fo r  the 

higher ve loc i t i e s .  
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To f a c i l i ~ a t e  estimating Ah, a table  has been prepared from which 

Ah can be d i r ec t l y  evaluated, o r  interpolated,  for  various values of 

d 2Rc D - - 
W 

, w , and V (Table 1). 
Rc 

In order to  determine under which conditions correct  ion for 

velocity-induced pressure differences i s  necessary, an analysis  w i l l  

-.... .be made of the e r ror  i n  seepage measurement tha t  would occur i f  no 

correction for  velocity,-induced pressure d i f f e r en t i a l s  was made, 

According to a paper i n  press (261, the e r ror  can be calculated as  

where E i s  the e r ror  i n  percent, F i s  a dimensionless parameter 
f 

determined by the geometry of the seepage cup i n s t a l l a t i o n  (graphs 

d 
showing Ff i n  r e l a t i on  to - and the depth to impermeable o r  much 

Rc 
more permeable material  a re  presented i n  (2211, and G i s  the seepage 

gradient  (seepage ra te) / (hydraul ic  conductivity). 

The factor  F w i l l  generally ' f a l l  i n  the range from 1,s t o  2, 
f 

'. laking a value of 1.8 fo r  Ff, and assuming R i s  7 inches and Ah 
C 

is'O.1 inch, E can be expressed as  E = - 2 0 6 %  Thus, for  high seepage G 

gradients of one half  o r  more, the e r ror  tends to be small and the 

f ree  water surface can be taken as reference leve l  for  seepage 

measurement. For r e l a t i ve ly  low seepage gradients,  which may occur 

' i f  the seepage cup i s  placed i n  mater?ial o f '  higher conductivity than 
. " , . k ,  

t ha t  of underlying so i l s ,  E can be considerable and correcting the 

f ree  surface for  velocity-induced pressure differences could be 

desirable.  For instance, i f  G = 0,1, basing, the seepage measurement 

Annual Report of the U.S. Water Conservation Laboratory



on the uncorrected f r e e  water surface  would cause an e r ro r  of 

approximately 26% f o r  the condf t kons  apply fng to rhe above eqa&tfoc, 

A graph was constructed showing the seepage r a t e  Y,n cubic Inches 

per minute as a f u n c t h n  s f  the  di f ference between the wzrer surface 

and the t a i l  pressure head f o r  d i f f e r en t  veloclc ies  ( f lgure  2 

though the veloci ty  was varied from O to  almost '7 fsdsec, a l l  points  

a r e  on o r  scattered around a straEght l h e ,  T h i s  shows that veloci ty  

has no measurable d i r ec t  e f f e c t  oa seepage, 

S W R Y  AND CONCLUSXBNS : 

The e f f e c t  of the veloci ty  paotern d i s ro r t i en  &roan$ a seepege 

cup on the loca l  head environment of the cup and she d i r ec t  e f f ec t  of 

veloci ty  i n  a canal on seepage r a t e s  were smdied  %n a laborator 

Velocity d i s t o r t i on  around the cup caused t h e  evexage head aromd t h e  

cup to  be below the f r e e  water surface i n  the e a ~ a l ,  Correction 

fac to rs  to  convert the f r e e  water surface to the proper reference 

l eve l  f o r  seepage measurement with cup-eype devices were evaluated 

and expressed i n  the form of a graph and a t ab le ,  It i s  shown tha t  

correcting the  f r e e  water surface  f o r  velocity-induced pressure 

differences i s  only necessary i n  case of low seepage gradients ,  

Velocity appeared to  have no measurable a i r e c t  eSfect  on seepage, 

which indicates  t ha t  evaluating seepage from normally flowing canals 

by means of s t i l l  water bodies (seepage cups o r  pmdirag t e s t s )  i s  i n  

p r inc ip le  cor rec t ,  

PERSONNEL: H. Bouwer, L,  E, Myers, R, C ,  Rice, 
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TIRE: SOIL TREATMENT TO REDUCE SEEPAGE LOSSES FROM CANALS AND PONDS 

LINE PROJECT: SWC 4-gG 1 CODE NO,: ArEz,-WCL-8 

INTRODUCT I0 N : 

See Annual Report fo r  1960. 

PROCEDURE : 

Same as  reported i n  Annual Report fo r  1960 except where noted 

i n  discussion of mate r ia l s ,  

RESULTS AND DISCUSS ION : 

The information presented here represents a preliminary progress 

repor t  of p a r t i a l l y  completed t e s t s  which may be subject  to change, 

For t h i s  reason the tes ted  materials  a r e  i den t i f i ed  by code numbers 

ra the r  than by product name and manufacturer. 

Material D - 1  

Material D-1  i s  the designation we have used fo r  sodium phos- 

phate mater ia ls  including sodium tripolyphosphate as D-la, sodium 

hexametaphosphate as  D-lb, and tetrasodium pyrophosphate as D-lc, 

which can s ea l  s o i l s  by dispersing the clay f rac t ion .  Laboratory 

measurements showed t ha t  our loca l  s o i l s ,  compacted dry i n to  i n f i l -  

t r a t i o n  cylinders, could be read i ly  sealed with these materials  i f  

the s o i l  contained over 10 per cent c lay ,  This was accomplished by 

applying the materials  t o  the s o i l  surface i.n a water solut ion with 

no mechanical mixing. 

A f i e l d  t e s t i ng  s i t e  was obtained i n  two ponds, each about one 

acre i n  area with an average depth of 8 f ee t ,  owned by M r ,  John 

Randall, Pine, Arizona. The s o i l  and water a r e  described fa 

Tables 2 and 3 respect ively ,  The water i s  obtained from a nearby 
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creek.  Laboratory s t u d i e s  showed t h a t  D-Pb (sodium hexametaphos- 

phate)  completely s ea l ed  t h e  s o i l  su r f ace  when appl ied  a t  r a t e s  a s  

low a s  250 pounds per  a c r e ,  I n f i l t r a t i o n  cy l inde r  and seepage meter 

measurements made w i t h i n  t h e  ponds showed un t r ea t ed  seepage and 

i n f i l t r a t i o n  r a t e s  t o  average about 0 ,25 inches per  hour ,  D-lb 

completely stopped i n f i l t r a t i o n  when appl ied  t o  t he  s o i l  su r f ace  

wi th in  t h e  i n f i l t r a t i o n  cy l inde r s  a t  a  r a t e  of 1000 pounds pe r  

a c r e ,  Water s t a g e  r eco rde r s  were i n s c a l l e d  on t h e  ponds and 

showed t h a t  t he  ponds went dry  about 15 days a f t e r  f i l l i n g  t o  a  

depth of 5 f e e t .  

Ma te r i a l  D-lb was d isso lved  i n  water,  LOO pounds per  300 

gal lons ,  and sprayed on t h e  s o i l  su r f ace  i n  Pond 1 a t  a  r a t e  of 

700 pounds of D-lb per  a c r e ,  The water  had t o  be  hea ted  be fo re  

t h e  D-lb would d i s s o l v e .  No runoff  of s o l u t i o n  from t h e  s t e e p  

s i d e s  of t he  pond was experienced,  Water was turned  i n t o  the  pond 

immediately a f t e r  spraying  was completed, The pond was dry 23 days 

a f t e r  t he  pond was f i l l e d  t o  a  depth of 4.8 f e e t  and t h e  water 

turned o f f ,  i n d i c a t i n g  t h a t  t h e  t rea tment  had f a i l e d ,  

F a i l u r e  of t h e  t rea tment  must be explained by d i f f e r e n c e s  

between l abo ra to ry  and f i e l d  t rea tment  cond i t i ons ,  Laboratory 

t e s t s  showed t h a t  h e a t i n g  t h e  water  t o  ge t  t he  D-lb i n t o  s o l u t i o n  

does no t  reduce t h e  e f f e c t i v e n e s s  of t he  m a t e r i a l ,  The s o i l  was 

cracked a t  t h e  time of spraying .  It i s  our p re sen t  b e l i e f  t h a t  

much of t he  spray  s o l u t i o n  went i n t o  the  cracks and was no t  ae tu-  

a l l y  appl ied  t o  t h e  s o i l  su r f ace .  This  i s  c u r r e n t l y  under 

i n v e s t i g a t i o n ,  

- I 9  - 
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j o i n t  e f f o r t  by the  D i s t r i c t ,  the  Bureau of Reclamation and our 

Laboratory. One ponded s e c t i o n  of the  canal,  i n  s o i l  s imi la r  t o  

the  Beardsley s o i l  described i n  Table 2, was used, Pre-treatment 

seepage r a t e s  were about 1.50 inches per hour a s  measured by the  

drop i n  the  water surface .  Material  H-1 was added t o  the  ponded 

canal  water on February 3, 1961, Seepage dropped t o  0.60 inches 

per hour on February 6. The canal was drained on February 7 and 

allowed t o  dry u n t i l  Apr i l  17. Seepage on Apr i l  24 was 1.32 inches 

per hour. The canal  was drained, allowed t o  dry and cleaned with a 

road grader,  On June 15, the  seepage was 1,44 inches 'pe r  hour, 

Drying had obviously destroyed the  e f fec t iveness  of the  treatment. 

Materials  S-1, S-2, S-3 and S-4 

These a r e  experimental asphal t  emulsions formulated t o  permit 

d ispers ion  i n  water. They can be sprayed on the  s o i l  sur face  but 

a r e  designed f o r  add i t ion  t o  ponded water i n  canals and rese rvo i r s .  

The dispersed asphal t  p l a t e s  out  on the  s o i l  surface,  wi th  some 

penetrat ion,  t o  reduce seepage and t o  form a surface  l i n i n g ,  Four 

bas ic  formulations, designated as  S-1, 5-2, S-3 and S-4 were 

s tud ied ,  Modifications a r e  designated with a lower case l e t t e r  

such as  S-la, S-lb, and so on. 

F ie ld  s tud ies  were conducted a t  four s i t e s  i n  the  genera l  

Phoenix a rea  and a r e  designated as  Beardsley, San Marcos, Lakin 1 

and Lakin 2. Descript ions of the  s o i l  and water a t  these  s i t e s  

a r e  presented i n  Tables 1, 2 and 3. The genera l  t e x t u r a l  descrip-  

t i o n  is:  Beardsley - sandy loam; San Marcos - sandy clay loam; 

Lakin 1 - s i l t y  loam; Lakin 2 - s i l t y  sand. 
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Procedure : 

Studies  were conducted i n  permanent o r  temporary d i t c h e s  d iv ided  

i n t o  ponds b y . p l a s t i c  o r  e a r t h  dams. P l a s t i c  was used i n i t i a l l y  but  

e a r t h  darns were l a t e r  adopted t o  avoid any unce r t a in ty  of seepage 

under the  p l a s t i c ,  The p l a s t i c  dams s h i f t e d  a s  the  head changed on 

each s i d e  of t he  dams during t e s t s ,  Unless otherwise s t a t e d  the 

d i t c h e s  were t r apezo ida l  w i th  a one-foot bottom width and 1 t o  1 s i d e  

s lopes .  Water was added t o  t h e  ponds w i t h  pumps o r  s iphons a s  appro- 

p r i a t e  t o  maintain a depth  of 1 .5 t o  2.0 f e e t .  Siphons were used t o  

t r a n s f e r  water from upper t o  lower ponds p r i o r  t o  t rea tment .  Six-  

inch  diameter aluminum siphons, primed wi th  a s u c t i o n  pump, proved 

very  s a t i s f a c t o r y  f o r  t h i s  purpose. Following t reatment ,  water was 

added t o  i nd iv idua l  ponds wi th  pumps and hoses vary ing  i n  s i z e  and 

capac i ty  from 3/4-inch garden hose t o  6-inch l a y - f l a t  b u t y l  tub ing .  

An automatic  water d i s t r i b u t i o n  system was designed and performed 

we l l  except when v i o l e n t  f l u c t u a t i o n s  i n  t he  supply cana l  occurred.  

Such f l u c t u a t i o n s  d id  occur  unpredic tab ly  and the  system could not  

be used, Seepage from the  ponds was determined by measuring the 

drop i n  water su r f ace  e l e v a t i o n s  wi th  hook gages o r  water s t a g e  

r eco rde r s ,  Pre- t reatment  and post- t reatment  seepage measurements 

were made. The r e s u l t i n g  a spha l t  f i l m  was checked v i s u a l l y  f o r  

c reep  down s i d e s l o p e s ,  Toughness, t ack ines s ,  th ickness  and pene- 

t r a t i o n  i n t o  s o i l  was determined by rough f i e l d  t e s t s  such a s  manual 

manipulat ion of f i l m  samples and observance of  a s p h a l t - s o i l  c ross -  

s e c t i o n s  obta ined  wi th  a pocket k n i f e .  
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Results  and Discussion: 

Fie ld  study r e s u l t s  a r e  presented i n  chrono3ogical sequence, 

February 21-27; The f i r s t  f i e l d  t r i a l  was conducted with mater ia l  - 
S-lb a t  the  Beardsley s i t e  i n  an operat ing canal ,  Bottom width was 1 - 5  

f e e t  and s i d e  slopes were l t o  1. A 200 foot  length of  the canal was 

divided i n t o  four 50 foot  ponds with p l a s t i c  dams, Water depths were 

maintained continuously a t  approximately 2 f e e t  by adding water a t  

i n t e r v a l s  with a portable pump, Two check ponds were untreated and 

two ponds were t r ea ted  by adding emulsion a t  the  r a t e  of l / 2  ga l lon  

per square yard of wetted perimeter,  Emulsion was poured i n t o  the  

ponds and dispersed by d i f fus ion  and convection, No mechanical mixing 

was employed. Pre-treatment seepage r a t e s  var ied  from l ,65  t o  4,10 

inches per hour. Seepage r a t e s  i n  the  untreated ponds decreased about 

0.5 inch per hour during a 96 hour period following treatment,  Seepage 

r a t e s  i n  the t r ea ted  ponds were s t i l l  i n  excess of 1.0 inch per hour 96 

hours a f t e r  treatment. Although seepage was reduced 40 t o  60 per cent, 

the  treatment was considered a f a i l u r e ,  

Ju ly  13-17: Tests  were conducted i n  s tandard 25-foot ponds a t  

the  San Marcos s i t e  t o  check the  performance of mater ia ls  S-la and 

S-lb applied t o  a sandy clay loam s o i l  a t  two d i f f e r e n t  r a t e s  by 

ponding and spraying,  Spray appl ica t ions  were made wi th  a por table  

asphal t  pump, gear  type, and a Veejet 1 / 4 ~ 8 0 3 0  nozzle a t  40 p s i ,  Test 

da ta  a r e  presented in Table 4. Treatments were r e p l i c a t e d ,  The need 

f o r  r e p l i c a t i o n  because of the v a r i a t i o n  i n  seepage r a t e s  f o r  appar- 

en t ly  i d e n t i c a l  ponds i s  shown i n  Figure 1, Seepage reduction by the  

ponding treatment was considerably l e s s  than expected, The s o i l  
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cracked during treatment and ruptured the  asphalt  f i lm,  Spray appl i -  

ca t ion  was not  successful ,  S o i l  clods were not completely coated with 

asphal t  and d i s in tegra ted  when wetted, leaving numerous untreated spots  

i n  the d i t c h  bed. 

Ju ly  22-30: Chemical pre-treatment, spray, and double appl ica t ion  

treatments were t e s t e d  a t  the San Marcos s i t e ,  Test da ta  a r e  presented 

i n  Table 5. The chemical pre-treatment, added t o  the ponded water 

p r i o r  t o  add i t ion  of the  emulsion, was intended t o  improve penet ra t ion  

of ma te r i a l  S- l f  i n t o  the  s o i l  but d id  not do so ,  Spray appl ica t ions  

of S-lb r e s u l t e d  i n  a porous f i l m  which did not reduce seepage appreci- 

ably ,  The double, o r  repeated, appl ica t ions  of S-lb cons is ted  of adding 

one-half the  emulsion on one day and adding the remaining hal f  the  next 

day. It was intended tha t  the  second app l i ca t ion  would f i l l  the  s o i l  

cracks caused by the  f i r s t  app l i ca t ion ,  Although the  asphal t  did 

penetrate i n t o  the cracks, even small hairl.%ne cracks, seepage reduc- 

t i o n  was not  s a t i s f a c t o r y .  Some of the  emulsion broke and was observed 

f l o a t i n g  on the  water surface ,  

Ju ly  30 - August 11: Materials  S-2b, S-2f and S-lb were applied 

by ponding and spray a t  the  San Marcos s i t e  a s  shown i n  Table 6. 

Material  S-2b broke i n  the  water and f loa ted  t o  the surface .  Labora- 

tory  s tud ies  were immediately i n i t i a t e d  and i t  was found t h a t  the "b" 

modificat ion of a l l  bas ic  formulations broke when water temperatures 

0 
exceeded 90 F, This water temperature was exceeded i n  the San Marcos 

t e s t  ponds, The second ha l f  of the  double appl ica t ions  was made wi th  

mater ia ls  S-2a and S-2e. Reasonably good seepage reduct ion  was 

obtained wi th  some of the  treatments desp i t e  the  Sact t h a t  the  f i r s t  
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ha l f  of the  treatment had r o t  performed properly,  The spray treatment 

Eailed again due t o  p a r t i a l l y  coated s o i l  clods which d i s in tegra ted  

when the sprayed ponds were i l l e d  with water.  

August 9-13.: Material  S-2a was applied t o  the s i l t y  loam s o i l s  

a t  the  Lakin 1 s i t e  by ponding a t  d i f f e r e n t  r a t e s ,  both s ing le  and 

double appl ica t ions ,  and by spraying,  Test  da ta  a r e  summarized i n  

Table 7. The s o i l  did not and there  was no advantage i n  double 

t reatments,  Fa i r  seepage reduction was obtained with a l l  ponding 

treatments. Film thickrress decreased with increased e leva t ion  above 

the d i t c h  bottom, This had been previously observed i n  the San Marcos 

Tes t s ,  No appreciable penet ra t ion  i n t o  the  s o i l  was observed, 

Two of the  spray treatments, applied t o  rough s o i l ,  f a i l e d ,  One 

spray app l i ca t ion  was made on smooth s o i l  and produced a continuous 

f i lm which gave good seepage reduct ion ,  

August21-26: Materials  S-2a, S-3% and S-3b were applied t o  

'"2 \ 
the  s i l t y  sand s o i l s  of the Lakin 2 s i t e  by spray and by ponding a t  

d i f f e r e n t  r a t e s  with s i n g l e  and double treatments,  Results  a re  sum- 

marized i n  Table 8 ,  The s i t e  was honeycombed with o ld  gopher holes 

which caused.continuous d i f f i c u l t y  i n  maintaining ponds and measuri.ng 

seepage r a t e s ,  Seepage reduction was only f a i r  with the  ponding 

treatments,  The f i l m  thickness on the  s ides  was t h i n  and no peae- 

t r a t i o n  i n t o  the  s o i l  was observed, M$ cracking of the  s o i l  occurred 

and s ing le  appl ica t ions  were b e t t e r  than double, Spray treatments 

were va r i ab le  wi th  seepage reduction ranging from f a i r  t o  good. 

October 9-13; Materials  S-la, S-2a and S-3a were t e s t ed  a t  

the Lakin 2 s i t e  i n  pondirng appl ica t ions  a t  two r a t e s ,  Data a re  
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presented i n  Table 9.  Seepage reduction was f a i r  fo r  a" emulsions 

with S-2a appearing s l i g h t l y  the bes t ,  Film th ie tzess  was mpre 

uniform with S-2a than with S-la and S-3a, Creep dowE the aide 

slopes was a l so  l e s s  with t h i s  mater ia l ,  Penerration was 

negl ig ible  fo r  a l l  treatments, 

November 2-6: Modifications of S-L and S-2 and umunodified S-4 

were applied t o  the Lakin 2 s i t e  by pending as summarlzed in. Table 

10, A l l  modifications produced so f t e r  films than bad been previously 

obtained with unmodified  material.^. TPkrmodified S-94 gave good seepage 

reduction but a l so  produced a s o f t  f i lm,  Fjlm thic ibcss  was thinner 

on the upper slopes of the banks and no penetrat ion i n to  tbe so i  

was obtained, One modification caused the emulsion t o  break and 

0 
f l o a t  although water temperature i n  the ponds was sn3y 10 F, 

Seepage measurements on t h i s  t e s t  s e r i e s  were made with water 

s tage  recorders and the ponds were allowed t o  o dry w i t b u t  re f  il ' lfng 

a f t e r  treatment, The seepage r a t e s  a re  not comparable wxth r a t e s  

measured i n  o ther  t e s t s  when the ponds were kept P l i l l o  

November 24-29: Modifications of S-l and S-2 were tesked with  

unmodified S-3 and S-4 i n  multiple-treatment psnding applicat ions a t  

the San Marcos s i t e ,  Results a re  presented i n  Table kl, di.ficatiorx 

b lowered the effect iveness  of a l l  materials  i n  reducing seepage, A 1 1  

modifications caused so f t e r  asphalt  films and creep down the banks 

was noticeable a f t e r  the  ponds were drained, Material S-4 gave good 

seepage reduction but again produced a so f t  f i lm, The asphalt  pene- 

t r a t ed  a l l  cracks and pockets of coarse sand but did ~ o t  penetrate 

i n to  the predominate s o i l ,  Film thLckness on the banks was only Batr, 
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SIJMMARY AND CONC"LUSI0MS : 

A s o i l  d ispersant  D - l  was s tudied  in  the laboratory and in  the  

f i e l d ,  Laboratory s tud ies  showed t h a t  the matezial  completely stopped 

seepage through s o i l s  containing over 10 per cent clay when applied t o  

the  s o i l  sur face  a t  r a t e s  a s  low as 250 pounds per ac re ,  F ie ld  t e s t s  

with i n f i l t r a t i o n  cylinders confirmed t h i s ,  A one ac re  pond was 

t r ea ted  by spraying the  s o i l  sur face  with a so lu t ion  of D-lb a t  a 

r a t e  of 500 pounds of  D-lb per ac re ,  Tbe treatment f a i l ed ,  apparently 

because the  s o i l  was cracked a t  zbe time of treatment and much of the  

so lu t ion  ran  i n t o  the  cracks,  This  treatmenr i s  s t i l l  considered 

promising f o r  low-cost seepage control  and addi t ional  experiments a r e  

i n  progress, 

A seepage reducing mater ia l  M - l  was s tudied  t o  inves t iga te  the  

depth of penet ra t ion  i n t o  s o i l  and the  e f f e e r  of s o i l  drying,  Pene- 

t r a t i o n  i n t o  s o i l  was measured by charges i n  hydraulic  conductivi ty 

i n  a 4,75 i ach  diameter, 48 i ach  long, s o i l  cs4umc, Hydraulic conduc- 

t i v i t y  was determined a t  various depths En the  column, before and 

a f t e r  treatment wi th  H - l  a t  1000 ppm f o r  48 hours, by measuring head 

loss  with piezometers i n s t a l l e d  i r ~  the  colum.r, The treatment reduced 

hydraulic  conductivi ty t o  a depth of 4 fnches, ind ica t ing  t h a t  the  

mater ia l  did penet ra te  a t  l e a s t  t h i s  f a r ,  

The e f f e c t  of drying on H - l  was studied i n  a powding t e s t  i n  an 

opera t ional  canal  near Beardsley, Arizona. Treat ing by applying H - l  

i n  the  ponded water, a t  about 1000 ppm f o r  48 hours, reduced the r a t e  

of water surface  drop from 1,50 inches per hour t o  0,60 inches per 

hour. Drying the  canal f o r  two months essentially destroyed the 
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e f f e c t  of rreacment and ehe post. drylag ratE was P ,32 hcFes  per b-our, 

This t e s t  indicated t ha t  Ha1 mag not be swit lab?;~ for treaz1r.g wacer 

conveyance o r  s t o r a  P s t ~ u c t u r e s  which a r e  a??owcd to  dry during the 

operational  cycle ,  

Four basic formulatlcbrs and a number of modlfisatisvns 0% exper i -  

mental asphalt  emulsions were subjected to  exhaustive f i e l d  t e s t s ,  

The materials  were applied by sprayjag and by dispeuslon i n  the water 

held in. small ponds, Field t e s t s  were supplemezted by laboratory 

experiments. Although numexoais  t e s t s  were made and wlumes 0% data 

were o b t a i ~ e d ,  the r e s u l t s  can be staced very simplyB, A l l  modifica- 

t ions  with so8vents, emuls i f iers  acd other addl t l ve s  reduced the 

effectiveness of the basic l o r m u ? a t l s ~ s ,  p a r t ~ a ~ l a r l y  when water 

8 
temperatures exceeded 90 E ,  None of ttl* ma t t r i a l s  penetrated into 

the s o i l  when applied by the pwding method, Eondiag appkication 

produced non-uniform coatings wieh thicker layers oa the pond bottom 

and t h in  layers on the sloping s i de s ,  A l l  the mater ia ls  were capable 

of producing good seepage reduction when properly applied,  Spray 

applicat ions were var iable  i n  t h e i r  ef feet iveaess ,  These findings 

indicate  t ha t  the ponding method of applyin these materials ,  as  

presently formulated, 17237 be su i t ab le  fo r  reservoir  Ifoings, but 

not fo r  conveyance channels. A l  t e r r a t e  methods of applicat ion,  

including spray techniques, do appear promising %or constructing 

low-cost d i t ch  Zinin s  and a r e  under iwes t lga t imn,  

PERSOMMEL: L .  6 .  Myers, C .  L. demon, G .  W .  F ras ie r ,  
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Table 1 - Soii Analysis 
M 

3 ITE Sand 

!. 
Lakin S i t e  1 

DL tch top  36 
Ditch sfde 15 
Df tch bottom 48 

Lakin S i t e  2 
Canal HI top 
Canal II s f d e  
Canal fX bottom 

Canal XHI top  
Canal III s i d e  
C a a l  111 bottom 

San Marcos 
Csnal % &OR 
Canal. 1 s f d e  
Canal I bo2tom 

Canal XL top  
Canal %I sfde 
Canal 11 bot~om 

I 
Clay 

equf valent  
x 

3,46 
3-87 
3-65 

2-42 
2-31 
2.36 

2,31 
3,14 
1.96 

1-63 
3 , 4 6  

1.18 
1.35 
1.88 
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Table 2. S o i l  a n a l y s i s .  

SITE 

Randal l  

Bottom Lower 

Bottom Upper 

t Bank Lower 
W 
o Bank Upper 

I 

Beards l e y  

Eas t  

West 

Cont ro l  S o i l  

Mechanical 

Sand 

% 

11.9 

7.6 

14.4 

28.4 

S i l t  Clry Tota l  
S a l t s  

meq/ 1 
: s o i l  ex t r ac t :  

Chemical 
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T a b l e  3 .  Water analys is .  

SITE 

Randall 

eards l ey  

Lakin 

San Narcos 
B 

Canal 4-61 
6) 
k-' Canal 7-61 
n 

Well 7-61 

Laboratory Tap 

Tota l  
S a l t s  
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T a b l e  4 ,  Seepage Gont ro l  Treatments ,  San Marcos S i t e ,  J u n e  13-17, 1961. 

P 

Pond 

4 

9 

2 

6 

1 0  
C 3 
&, 
%3 

I 
5 

7 

1 

8 

I" a 
1 2  

M a t e r i a l  

none 

none 

S l a  

S l a  

S l a  

S l b  

Sbb 

S l b  

S l b  

S l b  

S l b  

S l b  

Treatment 

Check 

Check 

1 g a l ,  ponded 

1 g a l ,  ponded 

1 g a l .  ponded 

1 /2  g a b ,  ponded 

f J 2  gal.. psnded 

1 /2  g a l ,  ponded 

1 g a l ,  poeded 

1 g a l ,  ponded 

1 g a l ,  ponded 

1 / 2  g a l ,  s p r a y  

T r e a t i n g  
Date 

See] 
Pre- 

T r e a t  
i n / h r  

l , 5 3  

O,96 

1 , J I  

0,66 

0,67 

1 ,60  

0,85 

0 -82  

0,68 

0,90 

0 ,90 

1 ,05 

Pos t  
2 h r *  
i n / h r  

lo 24 

0,84 

l , 5 0  

0,76 

O,J6 

1 ,62  

0,8L 

0,83 

O,S8 

0 , 8 1  

0 ,90  

- 

ljreat 
48 h r .  
i n /  h r  

1.59 

l , 0 9  

0 , 9 l  

0 - 8 0  

0,89 

1 ,83  

1 ,02  

0,97 

3, 0 3 2 

0,97 

0,99 

- 

Film 
Thickness  

i n c h  

- 
- 
>l/4  

>1/8 

>l /8  

SJ4 

>1/4 

>1/8 

3/8-5/8 

>L/8 

l /4-1/2  

>1/ 4 
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Table  5. Seepage C o n t r o l  Treatments ,  San Marcos S i t e ,  J u l y  22-30, 1961, 

P 

Pond 

3 

9 

6 

2 

!k 
C 

w 
8 

@ 1 3  
f 

4 

1 0  

14 

a 
7 

15 

12 

5 

M a t e r i a l  

none 

none 

none 

S 1b 

Skb 

S l b  

S l b  

S3.b 

S :lb 

S l f  

S l f  

S l f  

S l b  

S l b  

S l b  

Treatment  

Check 

Check 

Ghe ck 

1/3  g a l ,  r e p e a t e d ,  ponded 

L/3 g a l ,  r e p e a t e d ,  ponded 

1.13 g a l .  r epea ted ,  ponded 

112 g a l ,  r epea ted ,  ponded 

1 /2  g a l ,  r e p e a t e d ,  ponded 

1 /2  g a l ,  r e p e a t e d ,  ponded 

1/2  gal, r e p e a t e d ,  psnded 

l / 2  g a l ,  r e p e a t e d ,  ponded 

1 /2  g a l ,  r e p e a t e d ,  ponded 

1 3.12 g a l .  s p r a y  

l 1 /2  g a l ,  s p r a y  

1 1/2  g a l ,  s p r a y  

T r e a t i n g  
Date 

Se 
Pre-  

T r e a t  
- f r Q.! hr 

1,56 

0,78 

0,66 

1 ,59 

0 ,93 

O,69 

1,38 

0 - 7 8  

0,63 

L,23 

0,78 

0 , 5 l  

2,28 

l , 0 8  

0,75 

age  R a t e  
Pos t -  

2%- >rz 
=a" - 
iw/hr  

1.62 

0 ,90 

0 ,90 

1 ,X4 

0,99 

l , 0 2  

0,99 

0 ,81  

0 ,81 

O,96 

0,96 

0 , 5 1  

2,04 

- 
P 

Fi lm 
Thickness  
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Table  6 ,  Seepage Cont ro l  Treatments ,  San Marcos S i t e ,  J u l y  3 l  t o  August 11, 1961, 

M a t e r i a l  

none 

none 

none2 

S2b, S2s  

S2b, S2a 

S2S, S2a 

S2b, S2a 

S2b, S2a 

S2b, S2a 

S2f,  S2e 

S22, S2e 

S2P, S2e 

S2b 

S2b 

S2b 

S l b  

S 3b 

Treatment  

Check 

Check 

Check 

L/3 ga l ,  r epea ted ,  

2 / 3  gal ,  repeared ,  

1 /3  g a l ,  repearedj .  

1 i 2  ga l ,  r epeared ,  

a 1, r e p e a t e d ,  

al , r e p e a t e d ,  

312 g a l ,  r epeared ,  

al, r e p e a t e d ,  

Xi2 ga l ,  r e p e a t e d ,  

Spray 

s p r a y  

Spray 

SP=-Y 

Spray 

ponded 

ponded 

ponded 

ponded 

poaded 

pmded  

psnded 

pondad 

pon de d 

T r e a t i n g  
Date 

F 

e- 

cs- 

8 / 1  & 8 

8 / l  & 8 

, S i x  & 8 

8 / 1  & 8 

8/l. & 8 

8/1 tis 8 

$b?! ii. 8 

8 / 1  & 8 

8 / 1  & 8 

813 

8 / 3  

8 / 3  

8 / 3  

8 / 3  

Se 
Pre-  

T r e a t  
fnikuc 

S,56 

0,88 

2,04 

2,40 

2,053 

a., oo 
2,28 

l , 3 2  

1 ,08  

2,04 

l , 3 2  

0,96 

2,LS 

2,08 

2,00 

l , 8 0  

1 ,68 

?age R a t e  
Pos t -Trea t  
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T a b l e  7,  Seepage Cont ro l  Treatments ,  Lakin  1 S i t e ,  August 9-11, 1961. 

- 
Pond 

1 

8 

12 

2 

5 

a0  
W 
kn 3 
I 6 

1 1 

4 

a 
9 

1.3 

14 

15 

none 

none 

none 

S2a 

S2a 

S2a 

S 2a 

S2a 

S2a 

S2a 

S2a 

S2a 

S2a 

S2a 

S2a 

. . 

Treatment  

Check 

Check 

Check 

1 /2  g a l ,  r e p e a t e d ,  poaded 

1 /2  g a l ,  r e p e a t e d ,  ponded 

1 /2  g a l ,  r e p e a t e d ,  poaded 

3.62 g a l  ,, ponded 

1 /2  g a l , ,  ponded 

L g a l , ,  ponded 

1 g a l , ,  ponded 

1 g a l , ,  s p r a y  

1 ga1,, s p r a y  

I. g a l , ,  s p r a y  

T r e a t i n g  
Date 

P 

P 

Y 

w 

8/10 

8/10 

8/10 

8 /  9 

8/10 

8/10 

8i'9 

8 l l . 0  

8610 

8 /11  

8 /11  

8 /11  

SE 
Pre-  

T r e a t  
i n / h r  

2,10 

3,48 

3,66 

1 , 8 0  

3,54 

3.1.0 

2,28 

2,16 

2 -40  

3 ,72 

2,10 

2,40 

2,10 

2,10 

3 -12  

)age Rate  
Pos t -  

24 hr, 
i n / h r  

1 ,92  

3,12 

2,80 

0,76 

0 ,50 

0,64 

0,54 

0,32 

L,28 

0.1.2 

0044  

0.64 

P 

7 

Film 
Thickness  

i n c h  

- 
- 
- 
1/16 

11s 
1/16-3/8 

1/16 

I d 8  

1/16 

1/16 

1/23 

1/16 

1/16-114 

1./16-s/4 

1/16 

* 48 hr, seepage r a t e  p o s s i b l y  i n c r e a s e d  by gopher h o l e s ,  Ponds 1 3  and 14 ,  
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Table  8,  Seepage C o n t r o l  Treatments ,  Lak in  2 S i t e ,  August 21-24, 1961, 

Pond 

P 

A7 

A18 

A1 

A3 

8 
A6 

W 
CT 

A2 

8 A4 

A5 

A8 

Al. 

AS4 

A9 

A12 

A15 

A10 

A13 

A16 

A1 7 

H a t e r i a l  

none 

none 

S2a 

S2a 

S2a 

S2a 

S2a 

S2a 

533. 

S3a 

S3a 

S3a 

S3a 

S3a 

S3a 

S3a 

S3a 

S3b 

Treatment  

Check 

Che ck 

1 / 4  gal., r epea ted ,  ponded 

1 /4  g a l ,  r epea ted ,  ponded 

1 /4  g a l ,  r e p e a t e d ,  ponded 

1 /2  g a l  ,, ponded 

112 g a l  ,, ponded 

l d 2  g a l  ,, ponded 

l j 2  gal , ,  r epea ted ,  ponde 

l / 2  g a l , ,  repeaeed,  ponde 

1 /2  g a l , ,  r e p e a t e d ,  ponde 

112 g a l , ,  ponded 

1 /2  g a l  ., ponded 

1 /2  g a l  ,, ponded 

1 g a l , ,  ponded 

1 g a l , ,  ponded 

1 g a l , ,  ponded 

1 /2  g a l  ,, ponded 

T r e a t i n g  
Date 

S e 
Pre-  

T r e a t  
i n / h r  

2.52 

6 ,30 

7 *5  

5 ,46  

2 ,40 

6 A 8  

5 , 4 0  

5 ,O4 

2,28 

L2,68 

8 ,O4 

3,42 

6,78 

7,56 

3 , 5 l  

8.88 

7,68 

7,80 

page Rate 
Pos t -  

24 hr, 
i n / h r  

2.74 

v 

1 , 0 8  

0,93 

1,3O 

0.70 

O,?2 

0018  

0,s 7 

l , O O  

O,59 

0 -57  

0,67 

0 ,45 

0 * 2 1  

0,99 

0 ,17 

0.55 

F i lm 
Thickness  

--- 
i n c h  

- 
P 

1/8-1/4 

1/4-1/2 

118-114 

1/8-1/4 

1/8-5/8 

1/8-3-42 

L/8-3P4 

2/16 

3/ac;-a J4 

l / a s - l / 4  

1i3.6-1 

1/8-3/8 

1/16 

1/8-112 

1 / 8  
v 
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Table 8 ,  Seepage Control Treatments, Lakin 2 Site,  August 21-24, 1961, (cont.) 

1 gal., spray- 

* Gopher holes may have influenced seepaie r a t e ,  

Annual Report of the U.S. Water Conservation Laboratory



Table  9 ,  Seepage C o n t r o l  Treatment,  Lak in  2 S i t e ,  October 9-12, 1961. 

Pond 

Bl 

C6 

Bl 1 

B2 

C7 

B B12 
w 
03 B3 

1 C8 

B13 

B6 

GI 

el 1 

B7 

C2 

El2 

B8 

C3 

613 

B4 
B5 
C5 

M a t e r i a l  

S l a  

S l a  

S l a  

S2a 

S2a 

S2a 

S3a 

S3a 

S3a 

S l a  

S l a  

S l a  

S2a 

S2a 

S2a 

S3a 

S3a 

S3a 

Treatment 

1 g a l  ,, ponded 

I g a l , ,  ponded 

1 g a l  ,, ponded 

1 g a l , ,  ponded 

1 g a l , ,  ponded 

l g a l . ,  ponded 

1 g a l  ,, ponded 

l g a l , ,  ponded 

1 g a l , ,  ponded 

1 /2  g a l , ,  ponded 

1 /2  g a l  ., ponded 

1 /2  g a l , ,  ponded 

1 /2  g a l  ,, ponded 

1 /2  g a l , ,  ponded 

112 g a l , ,  ponded 

1 /2  g a l , ,  ponded 

1 /2  g a l , ,  ponded 

b/2 g a l  ,, ponded 

u n t r e a t e d  
u n t r e a t e d  
u n t r e a t e d  

T r e a t i n g  
Date Pre-  

T r e a t  
i d h r  

P 

7,65 

2.43 

Seepage Ratt 
r e a t  

48 h r .  
i n / h r  

.42 

.86 

- 
.29 

,69 
- 
.63 

.69 
v 

.72 

.81 

.69 

.83 

.65 

.69 

.78 

.53 

.77 

- 
w 

- 

Fi lm 
Thickness  

-- 
i n c h  

1/32-3/8 

1/16-1 

1116-3/8 

1/8-112 

1116-114 

1116-144 

1/8-5/16 

1116-3/8 

1/16-a, l J 8  

1/16-3/8 

1 /16- l /8  

1/16-3/8 

l / l 6 - 1 / 4  

1116-1/4 

1/16-114 

1/16-5/16 

1132-118 

1116-3/4 

- - 
- 
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Table 10. Seepage Cont ro l  Treatment, Lakin 2 S i t e ,  November 2-6, 1961. 

- 
Pond 

B4 

C4 

B5 

C18 

C5 

I B 14 
W 
a C 9 

I 
B15 

C10 

C19 

- 
Mate r i a l  Treatment 

1 g a l .  ponded 

112 g a l ,  ponded 

1 g a l ,  ponded 

1 g a l ,  ponded 

1 g a l .  ponded 

1 g a l .  ponded 

1 g a l -  ponded 

1 g a l ,  ponded 

1 g a l .  ponded 

1 g a l ,  ponded 

Trea t ing  
Date 

Seepag 
Pre-  

T rea t  _ 
4,74 

3.07 

3.96 

7.38 

5 ,31  

2,79 

2.45 

3,36 

1 -80  

3,OO 

. Rate 
Pos t  

. 4 h r  
i n / h r  

O,29 

1.95 

0,70 

0.30 

0.78 

0.36 

1.29 

1.50 

1-17  

0.87 

Film 
Thickness 

inch  

1164-L/% 

>1/8 

114-118 

1132-118 

1/16-118 

1/16 

1/16-318 

1/16 

1/16-112 

1132-1/16 

Pos t - t rea tment  seepage r a t e s  were taken from water  s t a g e  r eco rde r  graph,  Seepage r a t e s  were taken 

From graph wi thout  r e f i l l i n g  pond t o  ope ra t i ng  depth,  
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Table  11, Seepage C o n t r o l  Treatment,  San Marcos S i t e ,  November 24-29, 1961. 

Y 

Pond 

.- 

M a t e r i a l  

S l a  

S l b  

S l c  

s 2 a  

S2b 

S2c 

S2c 

S2d 

S3a 

S4 a 

Treatment  

112 g a l .  r e p e a t e d ,  ponded 

112 g a l .  r epea ted ,  ponded 

112 g a l ,  r epea ted ,  ponded 

112 g a l .  r e p e a t e d ,  ponded 

112 g a l ,  r e p e a t e d ,  ponded 

112 g a l ,  r epea ted ,  ponded 

112 g a l ,  r e p e a t e d ,  ponded 

112 g a l ,  r epea ted ,  ponded 

112 g a l ,  r e p e a t e d ,  ponded 

112 g a l ,  r e p e a t e d ,  ponded 

T r e a t i n g  
Date  

age  Ra te  
P o s t  

24 h r .  
i n / h r  

0.317 

0 .18  

O , l 3  

0 ,117 

0,195 

0 ,105 

0.126 

0.166 

0 ,180 

0,114 

F i lm 
Thickness  

T 
3116-318 

3 / 1 6  

1 /4  

118-114 

1 /8 

1116-1/8 

118-114 

118 

118-114 

118-3/16 
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Figure 1.--TypF:ii seepage rates,  San Plarcos t e s t  s i t e .  i 
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igure 3,--Hydraulic c n a s o i l  column 
before and af w i t h  material H - 1 .  

a-... . - 
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I, FALLING PBAD- '2EGKNHQUE FOR SEEPAGE 

INTRODUCTION : 

Development o f  su i t ab le  f i e l d  equipment a3d procedures was ~ 0 2 -  

sidered necessary fo r  rout ine  appli catior- oof the fa13~Eng-bead prinefp le 

(17) fo r  determixing seepage 4 2  e a ~ a l s  or r e s e r ~ o i r s  asd hydrawlie- 

conductivity of bottom mater ia ls ,  '7er;ZElcatior; of c3e theory, whrch 

was developed with an e l e c t r i c a l  r e s i s t a s ce  wework, was a l so  des i rable .  

Rest r ic t ing and seal ing layers o f ten  play Importart ro les  i? seepage, 

recharge, and other  phenomma desl ing wit?- mmvemeqt of water i n t o  s o i l  

below inundated areas ,  Procedures were cherefwe developed t o  derect  

the presence and t o  measure p e r t i r e ~ ~ t  charas ter l  s t $  cs o f  layers o f  

low hydrauli c conductivity, i x l u d i n g  sea! s from a c t i f  i c  $a1  sof l 

sea lants  f o r  reducing seepage, 

PRO GERUTPE : 

A .  

The f i e l d  equipment consis ts  e s s en t i a l l y  of three par ts ,  the 

seepage cup, the f a l l i n g  level  reservoir ,  azd the  marometer (Pfgure 

l ) ,  The seepage cup i s  placed i n  t h e  bottom o f  the caaaL o r  rese rvo i r ,  

The f a l l i n g  l eve l  reservoir  i s  connected to  the seepage cup and i t  i s  

used to  r a i s e  the pressure head ins ide  the cup a,ra x c k  or  so above 

t ha t  i n  the surrounding canal ,  9% subsequesr rake o f  Fall s f  the  

, water surface in. the reservorr ,  from whxck tEpe seepage i s  ca?eula ted,  
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is  measured with an inverted vacuum U-tube manometer, which i s  

located on the bank of the canal for  convenient measurement, A hand 

pump is used to  evacuate the desired amount of a i r  from the mano- 

meter. A. valve is  placed i n  the tubing above the seepage cup to the 

fall ing-level reGervoir, Closing th i s  valve permits rapid measure- 

n t  of the balanced-flow level,  The diameter of the seepage cups 

used is 10 inches, Soft-rubber U-rings are used in  the cylindrical 

par t  and i n  the l i d  of the seepage cup to provide the rkecessary 

sealing action. The seepage cup is of the Nevada type in that  i t  

has a csmpletely removable 1i.d. Upon instal la t ion,  the l i d  i s  

ved to  eliminate surges inside the cup which might otherwise 

occur and could dis turb the natural condition of the bottom material, 

t e r  ra is ing the falling-head reservoir an inch or  so (raising 

the level more than one inch may cause piping or  blow-outs below the 

seepage cup) the subsequent r a t e  of f a l l  of the water level i s  

measured with the manometer on the bank, The water level i n  the 

manometer tube connected ts the seepage cup w i l l  f a l l ,  whereae 

that i n  the manometer tuba connected t o  the free water w i l l  r i s e ,  

A t  any time, however, the difference between the water levels i n  

tb manometer is equal t o  the head difference between the water 

inside and outside the seepage cup, This i s  also true when the 

water level  i n  the canal is  not constant during the measurements, 

Xf it i s  desired t o  measure the hydraulic conductivity K sf the 

ttom material i n  addition to  the seepage, the valve above the 

g seepage cup, which is  normally open, i s  closed a f t e r  the completion 

sf thb? f all in$-level measurements, i s  than read as 
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the s t ab le  difference between the water levels  i n  the man.ometer tubes, 

Enough time and water l eve l  readings should be taken on the maasmeter 

tubes during the f a l l i n g  l eve l  measurements t o  construct  accurate curves 

of the r a t e  of f a l l  and r a t e  of r i s e  of the water l eve l  i n  the manometer 

tubes. Using su i t ab l e  i n se r t s  i n  the fa l l ing- leve l  reservoir ,  the time 

required fo r  the fa l l ing- leve l  measurements can generally be kept below 

ten  minutes, 

B, Seepage and hydraulic-conductivity ca lcula t ions .  

The readings of the water l eve l  i n  the manometer tube a r e  p lot ted  

against  time to  y i e ld  a graph such as Figure 2.  Seepage i s  computed 

from the r a t e  of divergence 

This r a t e  can be determined 

t h i s  point,  and t o  evaluate 

of the curves a t  the  point of in te r sec t ion .  

by constructing tangents t o  the curves a t  

- 
the v e r t i c a l  distance H between the tangents 

a t  a  distance of a un i t  time i n t e rva l  (one minute, f o r  instance) from 

the point of in te r sec t ion .  The term i s  then essewtfal ly the veloci ty  

of the fa l l ing- leve l  i n  the  reservoir  a t  H = 0, so t ha t  only correct ion 

for  the areas needs t o  be made t o  convert i n to  seepage, The formula 

r fo r  ca lcula t ing the  seepage r a t e  i s  then 

where R i s  the radius of the fa l l ing- leve l  reservoir ,  
v 

radizs  of the seepage cup. This equation appl ies  t o  a manomter tube 

t ha t  i s  much smaller than the diameter of the f a l l i ng - l eve l  r ese rvo i r ,  

The calcula t ion of K of the bottom material  i s  based on equation 

(3)  i n  (221, which can be wr i t t en  as 
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The fac to r  F i s  dimensionless, and i t  was evaluated by res is tance  
f 

network analog. Graphs a r e  presented (f igures 2 and 5) in (22) from 

which F can be evaluated fo r  the depth of penetrat ion of the seepage 
f 

d 
cup (expressed as and fo r  the depth D s f  mater ia l  of much lower - 

U 
conductivity be.low the  bottom of a canal o r  reservoir  (expressed as  r I Y  

o r  the depth D of mater ia l  of much higher condueti.vity (expressed as 
D P 

, respectively,  than the bottom mater ia l  i n  which the seepage cup 
C 

i s  placed, I f  the depth t o  material  of d i f fe ren t  conductivity exceeds 

the diameter of the seepage cup, P i s  e s s en t i a l l y  constant so t ha t  
f 

the medium can be considered t o  be uniform under those condi.tions, The 

only fac to r  control l ing P i s  then the depth of penetrat ion o 
f 

seepage cup i n  r e l a t i o n  t o  the cup radius ,  

6, o 

The pr inciple  of K-determination using the balanced-flow l eve l  i s  

based on two assumptions : (11, the conductivity conditions below the 

seepage cup a re  the same a t  H >l- 0 as a t  H = %, and (29, the seepage 

component flow from the cup i s  the same a t  H = 0 as a t  H HBo 
Both assumptions w i l l  be va l i d  if the bottmm material  i s  uniform 

o r  underlain by mater ia l  of much lower conductivi ty,  These conditions 

w i l l  be evidenced by %-values t ha t  a r e  small i n  comparison t o  the 

water depth h above the seepage cup, The assumpti.ons WELL not be 

va l i d  where the bottom mater ia l  of the canal o r  reservoir  i n  wkrich 

the seepage cup i s  placed i s  of much lower permeabl.l.ity than the 
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underlying mater ia l .  Under those conditions, seepage gradients w i l l  

be high, which w i l l  be evidenced by %-values t ha t  a r e  not small i n  

comparison with h. 

A t  la rge  J3,, the f i r s t  assumption may lose  i t s  v a l i d i t y  because 

of p a r t i a l  desatura t ion of the bottom mater ia l  below the cup due to  

the pressure 

the f i e l d  by 

be i n  e r ro r ,  

polat ing the 

small values 

reduction ins ide  the cup, The Hb-value determined i n  

closing the valve above the seepage cup may, therefore,  

The Hb-value can i n  t h i s  case be estimated by extra-  

dH r a t e  of f a l l  -- of the water l eve l  i n  the  reservoir  f o r  
d t  

dH 
of H t o  = 0. Using t h i s  corrected Hb, K i s  calcug- 

l a ted  with equation (2) .  This K-value i s  then used t o  estimate the 

pressure p below the bottom of the r e l a t i ve ly  impervious bottom 

material ,  according t o  the equation 

This p-value is  then used to  obta in  a f i r s t  est imation of the seepage 

a t  the balanced-flow l eve l  according t o  the equation 

D 
P 

The value fo r  I thus obtained is  used i n  equation (2) t o  ca lcula te  
% 

a second'value of K, which i n  turn  is  used t o  ca lcu la te  a second value 

of p, a f t e r  which a second value fo r  I is  calcula ted,  This process 
Kb 

i s  continued u n t i l  consis tent  values fo r  I K, and p a re  obtained,  
%' 

This procedure does not only y ie ld  the hydraulic condactivi ty of the 

slowly permeable bottom material ,  but a l so  estimates regarding the 

,pressure  conditions, which may be posi t ive  o r  negative, beneath the 

r e l a t i ve ly  impermeable layer.  This procedure appl ies  f o r  slowly 

Annual Report of the U.S. Water Conservation Laboratory



permeable layers t ha t  a re  not completely penetrated by the seepage 

cup, i, e , ,  d<D . 
P 

I f  the slowly permeable layer i s  very thin,  such as  with na tu ra l  

o r  a r t i f i c i a l  sea l s ,  the seepage meter may penetrate the  layer com- 

ple te ly  (d>D ). The seepage meter i s  then used as a variable-head 
P 

permeameter and information i s  yielded i n  terms of an hydraulic 

impedance of the slowly permeable layer .  This impedance, which i s  

the thickness of the s ea l  divided by the conductivity of the seal ,  

i s  calculated as  the balanced-flow leve l  divided by the seepage, 

This equation becomes evident by considering the seepage meter as 

a falling-head permeameter, whereby the impedance i s  calculated as 

dH the slope of a l i n e  i n  a p lot  of --- versus H. Since the layer from 
d t  

which the impedance i s  determined must only be present ins ide  the 

seepage cup, the layer outs ide  the cup must be removed o r  broken up 

f o r  a distance of approximately R from the wall of the  seepage cup 
C 

(see (221, where i t  i s  shown t h a t  the e f f e c t  of conditions beyond 

1.7 R from the center  of the cup or inner tube a re  negl ig ible) .  
C 

This procedure assumes then t ha t  the e n t i r e  head due t o  water depth 

above the seepage cup i s  diss ipated across the seal ing layer ,  I f  

t h i s  assumption does not hold, the s ea l  ins ide  the  cup can a l so  be 

removed and the s e a l  impedance i s  evaluated as the di f ference 

between the impedance before and a f t e r  removing the s e a l  ins ide  

the cup. This procedure can a l so  be applied i n  evaluating a r t i f i -  

c i a l  sea l s  from seepage reducing mater ia ls ,  The impedance of the 

s ea l  i s  then determined as the di f ference between the impedance 

before and a f t e r  appl ica t ion of the sealant  through the seepage 
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cup. This procedure is v a l i d  i f  the  sea l ing  a c t i o n  does not: take 

place beyond the  depth of penet ra t ion  of the  seepage cup, More 

research  regarding the  use of seepage meters i n  evaluat ing s o i l  

sea lan t s  i s  i n  progress, however, 

The impedance i s  a more appropriate term for describing the 

performance of seepage reducing mater ia ls ,  as  evaluated with seepage 

cups, than the  percentage reduction i n  seepage Erom the  cup due t o  

appl ica t ion  of the ma te r i a l ,  The percentage reduct ion  would over- 

est imate the seepage reduct ion  obtained by t r e a t i n g  the  e n t i r e  

wetted perimeter of the canal  o r  r e s e r v o i r ,  This is  due t o  the 

f a c t  t h a t  the a rea  outs ide  the  seepage cup i s  not t r ea ted  with the  

sea lant ,  so  tha t  the pressures below the sea l  ins ide  the  cup a re  

not  a s  low as  the pressures below a sea l  of much ?arger  ex ten t ,  

The percentage reduct ion  i n  seepage from the cup would only cor- 

r e c t l y  est imate the  percentage reduction i a  seepage from t r e a t i n g  

the  e n t i r e  wetted perimeter i f  the reduction measured with the cup 

i s  0% o r  loo%, 

D, Fie ld  s t u d i e s ,  

The equipment and procedures f o r  the fal l ing-head seepage meter 

technique wi th  the vacuum manometer were t e s t ed  a t  a number of 

locat ions  i n  the S a l t  River Valley of Arizona and i n  the  Fallon 

a rea  of Nevada. The Nevada 1.ocatios-a was se lec ted  because 0% the 

very high seepage r a t e s  t h a t  have been reported f o r  t h a t  a rea ,  The 

s tud ies  i n  the  S a l t  River Valley consisted of three  p a r t s ,  

A seepage meter was used i n  connection wirh the  evaluat ion  of 

a commercial sea l ing  mater ia l  (Laboratory code B-1) by t 
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of Reclamatfon and the blaricspa County Municipal Water CEsnservation 

D i s t r i c t  No, 1 a t  Beardsley, Arizona, The evaluation was carr ied  out  

i n  a 400-ft ponded sect ion o f  the  Maim. Canal, The bottom wfdth of the 

canal was approximately ten  f ee t  and the water depth four f e e t ,  A 

14-inch diameter seepage cup was placed i n  the center  of the bottom 

i n  the middle region of the po~ded  sec t ioa ,  During the two-week 

"seasoning" period of the canal, which was completely dry p r io r  t o  

the t e s t ,  the sealant  was applied through the seepage cup so  as t o  

give a 1000 ppm concentration ins ide  the cup, Severa, falling-head 

measurements were taken dai ly  before and a t e r  appl ica t ion t o  evaluate 

the performance of the seal ing mater ia l ,  A comparison was then made 

with the seepage reduction obtained by the Bureau of Reclamatfon fo r  

the en t i r e  canal ,  

A preliminary attempt was made to  cor re la te  seepage meter r e s u l t s  

with the acoustic proper t ies  of the bottom mater ia l  as obtained with 

a portable seismograph, I f  such corre la t ions  would appear t o  ex i s t ,  

the u t i l i t y  of the  seepage meter for  eva1uatin.g canal seepage would 

be g rea t ly  increased and the sefsmograph would be a too l  i n  logging 

canals fo r  seepage, The canal sect ion se lected fo r  t h i s  study was 

a l so  i n  the Main Canal of Maricopa County Muni.cipaL Water Conserva- 

t ion  D i s t r i c t  No, 1 a t  Beardsley, Arizona, When the canal  was dry, 

a sect ion of 1 3/4 mile was logged i n  dune with an M-D 1 r e f r ac t i on  

seismograph, The s t a t i ons  were located i n  the bottom and spaced 

200 f t .  After the canal had been i n  use fo r  about one month for  

supplying gravi ty  water t o  the D i s t r i c t ,  seepage measurements were 

made i n  duly on a 4000-ft sect ton,  The cup locations were spaced 
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50 f t ,  and fo r  each location, cups were i n s t a l l ed  i n  the center  of 

the canal bottom and near both banks of the canal ,  A permanent 

meter was a l so  i n s t a l l e d .  This meter was read dai ly  t o  observe 

var ia t ions  of the seepage with time. A t  the end of the i r r i g a t i o n  

season, seismic logs were again obtained for  a sect ion of about 

2200 f e e t  t o  determine whether the acoustic proper t ies  of the  bottom 

material  p r io r  t o  the i r r i g a t i o n  season d i f fe red  from those a f t e r  

the season. 

The t h i rd  appl ica t ion of seepage meters was i n  connection with 

an experimental recharge p i t  operated by Maricopa County Municipal 

Water Conservation D i s t r i c t  No, 1 a t  Beardsley, Arizona, and the 

I n s t i t u t e  fo r  Water Ut i l i za t ion  of the University of Arizona, The 

recharge r a t e s  were not considered t o  be su f f i c i en t l y  high and the 

question was whether removal of bottom material  would increase the 

recharge r a t e ,  The seepage meters were used here t o  determine 

whether the low recharge was due t o  low conductivity of bottom 

material ,  o r  t o  r e s t r i c t i n g  layers  a t  some distance below the 

bottom, In the f i r s t  case, removal of approximately one foot o f '  

bottom mater ia l  could be expected to  increase the recharge, In 

the second case, deeper excavations t o  break up r e s t r i c t i n g  layers 

would o f f e r  g rea te r  promise fo r  increased recharge, 

E, Model s tudies .  

Model s tud ies  were ca r r i ed  out i n  the laboratory t o  ve r i fy  the 

pr inciples  of the falling-head technique for  measuring seepage, 

hydraulic conductivity, and seepage gradients ,  In addition, the 

va l i d i t y  of the p r inc ip le  of measuring hydraulic impedances of 
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semi-permeable layers  by considering the seepage cup as falling-head 

permeameters, was a l so  studied w i t h .  a model study, The in,vestigations 

were carr ied  out i n  a 2 x 2 f t  box which was f i l l e d  with 9 inches of 

sand of approximate1.y 0,5 mm mean p a r t i c l e  diameter (Figure 3 ) .  The 

sand was drained a t  the bottom by a layer of gravel  i n  which a per- 

forated drainage tube was placed, A pa i r  of piezometers, 6 inches 

apar t  ve r t i c a l l y ,  was placed through each of the four walls of the 

box t o  measure v e r t i c a l  gradients i n  the sand, After sa tura t ing the 

sand, seepage conditions were created by pumping water a t  a constant 

r a t e  from the bottom drain  of the box to  the water standing above the 

sand surface,  The seepage r a t e  was determined from the flow r a t e  

measured the rec i rcu la to ry  system, Prom the gradients  measured 

with the piezometers, K of the  sand could then be calcula ted,  This 

K is  re fe r red  t o  as Kbox in. the expression of the r e s u l t s ,  A metal 

cylinder with a diameter of 9,5 inches was placed i n  the center of 

the box t o  serve as the seepage cup, Water was added t o  r a i s e  the 

water l eve l  ins ide  the cylinder and from the subsequent r a t e  of f a l l  

of the water l eve l  i n  the cylinder 1 and K were calculated according 
S 

t o  the falling-head seepage meter procedure, This was done for  two 

d i f fe ren t  seepage r a t e s  and two d i f fe ren t  depths of penetrat ion of 

the cylinder,  The gradients were calculated as I ./K and compari- 
S 

sons were made between the gradients  thus calculated and the gradients 

observed by the piezometers, 

The v a l i d i t y  of measuring hydraulic impedances of semi-permeable 

layers was t es ted  by placing ins ide  the cylinder a 2-inch layer of 

f ine  g lass  beads of known conductivity. The impedance of the g lass  
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beads, X, was then measured accardi.ng t o  the f a l l i ng -  bead technique 

and compared with the calculated impedance from tke observed K of the 

beads and the thickness ~f the  layer o beads irisi.de the seepage r ing ,  

RESULTS AND DZS@USS XON : 

A,  Field s tud ies*  

Seepape measurements i n  Nevada, Results  of the f i e l d  measurements 
----__C_= 

obtained i n  Nevada a re  shown i a  Figure 4 0  Eiqh seepage r a t e s  were 

found where the bottom was f r ee  from deposits of f ine  o r  organic 

mater ia l ,  Maximum r a t e s  as high as 78 E t  per day were observed, The 

combination of a 10-inch seepage cup, tbe 4-inch falling-head reservoir ,  

and the 144-inch diameter manometer tubes was su f f i c i en t  f o r  measure- 

ments of these very high r a t e s ,  Hydraukfc conductivity was calculated 

fo r  a number of seepage cup locat ions ,  In ggereral, the  bottom mater- 

i a l s  i n  the canal locations se lected for  the s tud ies  were qu i te  saudy, 

The values of Ii$, and K for the seepage data i n  Figure 4 are  shorn 

below (from heft  t o  r i gh t  fo r  each canal i n  Figure 43, 

Canal. Seepage 17% K Seepage Gradient 

f t/day inches ft./day 

Carter Ditch 0 0 3 0 

U- l i n e  

, 
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Canal 

U- l i n e  

N- 1 ine 

Seepage 

f t /day 

8 

13 

40 

78 

6 

5 6 

12 

Kb 
inches 

Seepage Gradient 
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Canal 

N- 1 ine 

Seepage 5, K Seepage Gradient 

f tJday inches f  t/day 

26 7,8 1 2  2 2  

5 2 9 , l  2 1 2,s 

5 2 9 , 8  20 2,6 

18 

8 3,8 6 1.3 

5 1 14,2 I1 4,6 

8 4,2 7 1,l 

3 2 4,3 2 7 1.2 

2 2.3 4 0,5 

12 

7 8,7 3 2.3 

Evaluation of s o i l  sealant  H-1,  The r e s u l t s  of the H-1 evalu- 

a t ion  with a seepage cup i n  a ponded sect ion of the Main Canal a t  

Beardsley, Arizona a re  shown i n  Table 1, The seepage meter r e s u l t s  

a re  consistent ,  and the seepage r a t e  before applying the mater ia l  

through the cup compares with the f ree  water surface drop. The 

seepage, both fo r  seepage meter and ponding t e s t ,  increased with 

time during the "seasoning" period. 

After appl ica t ion of the sea lan t  through the seepage cup, the 

distance H,, of the balanced-flow leve l  below the f r ee  water surface 

decreased. The decrease i n  seepage gradients indicated by t h i s  

reduction i n  Hb must be caused by the formation of a r e s t r i c t i n g  

layer below the distance of penetrat ion of the seepage cup, I f  a  

surface s e a l  had been forme.d, I$, would have been increased. The 
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formation of a sea l ing  layer  below the depth of penet ra t ion  of the 

seepage cup, which was one inch, may have been due t o  the f a c t  t h a t  

the seepage cup was placed i n  r a t h e r  coarse sediment and did not 

completely penet ra te  t h i s  sediment. The sea l ing  mate r i a l  could then 

have passed through the coarse sedimentary sand t o  form a sea l ing  

layer  i n  the underlying f i n e r  o r i g i n a l  mater ia l .  

The reduction i n  seepage from the  cup due t o  app l i ca t ion  of 

the sea lan t  was approximately 83%. The seepage reduction f o r  the 

e n t i r e  canal sec t ion  was 61%. This confirms the  statements made 

i n  sec t ion  C under PROCEDURE, tha t  the seepage reduction from the 

seepage meter t e s t s  would overestimate the seepage reduct ion  due t o  

treatment of the e n t i r e  canal ,  

After the t e s t  period, the  canal  was allowed t o  dry from Feb- 

ruary 7 t o  Apri l  17, when i t  was f i l l e d  f o r  a second post-treatment 

t e s t ,  The r e s u l t s  of t h i s  t e s t ,  i. e . ,  2 .5  in /h r  f o r  the seepage 

cup and 1.38 in /hr  f o r  the ponding t e s t ,  showed t h a t  the sea l ing  

mate r i a l  had l o s t  i t s  e f fec t iveness .  

Recharge. T.he r e s u l t s  of the  seepage meter t e s t s  i n  the  experi-  

mental recharge p i t  a t  Beardsley, Arizona showed tha t  the average 

recharge gradient  was 0.13, which indica ted  t h a t  the layers  r e s t r i c t i n g  

the  seepage were a t  some depth below the bottom of the  p i t ,  Therefore, 

i t  was recommended t h a t  a deep trench would be more e f f e c t i v e  t o  in -  

crease the  recharge than removal of a foot  or  so of bottom m a t e r i a l . ,  

The r e s u l t s  f o r  the  individual  seepage meter t e s t s  a r e  l i s t e d  below. 
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Results of Seepage Meter Tests, Maricopa County Municipal 

Water Conservation D i s t r i c t  No, 1 

August 15, 1961 

Seepage Hydraulic conductivity 
i n lh r  
P 

in /  hr  
P 

0,45 
0.32 
0,OO 
O,64 
1,25 
0.32 
1,62 

Average 0,67 

1,73 
3,85 
4,20 
6,65 
9,60 
3,16 
7,20 

Average 5.2 

0,26 
0,08 
0,oo 
0,09 
0,13 
0,10 
0.24 

Average 0.13 

The average seepage r a t e  of 0,67 i n lh r  agreed very well with the  

r a t e  of f a l l  of 0.66 i n lh r  of the water surface i n  the seepage p i t  

a t  the time of the measurements, 

Seismic logging., The s o i l  p ro f i l e  determined by the r e f r ac t i on  

seismograph i s  shown i n  Figure 5 ,  This p ro f i l e  is  f o r  the f i r s t  

4000 f t  of the t r averse ,  The d i f fe ren t  s o i l  types i n  the p ro f i l e  

a re  determined by the veloci ty  of the  seismic wave. The velocity 

ranges for  the d i f f e r en t  s o i l  types a re  shown below, 

Type I - 620-1200 f t / s e c  

Type I1 - 1400-1900 f t / s e c  

Type 111 - 2000-2500 f t / s e c  

Type I V  - >2750 f t / s e c  

The second t raverse  t ha t  was run a f t e r  the canal had been dry 

fo r  one month was very nearly the same as t ha t  of the f i r s t  t raverse ,  

A plot  of seepage r a t e s  against  canal location i s  a l so  shown i n  

.Figure 5. Seepage i n  the center  of the canal was higher than a t  

e i t h e r  s i de ,  A layer of s o f t  mud i s  a probable reason fo r  the 
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lower seepage r a t e s  a t  tho s i de s ,  The seepage r a t e s  a r  tbe permanent 

s t a t i o n  decreased from 4 0 8  jn/hr t o  1,0 i n lh r  over a period of e ight  

days, This was probably caused by the faec tha t  the vebocity ins ide  

the meter was zero, so t ha t  a layer o f  f ine  material  could be deposited 

on the s o i l  causing the decrease i n  seepage, This was evidenced by an 

increase i n  I$, as the seepage declined, 

The data were analyzed by obtaining a mean of the seepage r a t e s  

a t  a given seismic velocity and dthea p lo t t ing  the mean against  the 

seismic veloci ty  as shown i n  Figure 6 ,  The seismic ve loc i ty  used 

i s  t ha t  of the second layer ,  The standard deviat ion of the mean i s  

shown as a v e r t i c a l  bar i n  the f igure ,  The ends of the standard 

deviat ion bars a r e  connected t o  give a baad on the graph, 

The seepage var ies  considerably a t  a given vel,ocity as indicated 

by the r e l a t i ve ly  large standard deviations i n  Figure 2. Although 

the standard deviat ions a re  large, there appears t o  be a trend fo r  

higher seepage r a t e s  between the ve loc i t i e s  of 2300 and 2500 f t / s e e ,  

The higher r a t e s  a re  the r e s u l t  of a few measurements taken within 

a shor t  d is tance;  therefore,  the invest igat ion appears t o  be r e l a -  

t ive ly  inconclusive, However, i t  seems des i rable  t ha t  the s tudies  

of t h i s  nature be continued with more seepage measurements per 

seismic s o i l  c lass  . Also an. attempt should be made t o  obta in  more 

information regarding the s o i l s  by r e l a t i ng  the seismic veloci ty  

of the individual  s o i l  layers  t o  observations from t e s t  holes, 

B, Model s tud ies ,  

The r e s u l t s  of the model study t o  determine seepage and 

hydraulic conductivity of sand in  a square box a r e  shown i n  
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Table 2 ,  Excellent agreement was obtained between measured values 

of seepage, hydraulic  conductivi ty,  and gradients  and ca lcula ted  

values,  The hydraulic  conductivi ty decreased wi th  increasing depth 

of penet ra t ion  of the  seepage cup, This i s  probably due t o  compaction 

of the  sand below the cylinder a s  the  cylinder was pushed i n t o  the  

sand. The increased compaction was a l s o  evidenced by l o c a l  depression 

of the  sand surface  around the  periphery of the  cyl inder ,  

The p r inc ip le  f o r  measuring hydraulic  impedance of slowly permeable 

layers  was v e r i f i e d  a s  follows; The permeability of f i n e  g lass  beads 

was determined i n  cylinder permeameters, The r e s u l t s  were .34, .32, 

,29, and ,29 cm/min, o r  an average of 0 ,3 l  cm/min, A layer  of 4,6 cm 

of these  beads was then placed ins ide  the  cylinder i n  the sand box. 

The impedance of  t h i s  layer  was ca lcula ted  as 4 ,6  + ,31 = 14,8 mino 

Before placing the layer  of g las s  beads, the equivalent  impedance of 

dH the  sand was measured from the  - versus H p lo t  a s  2,5 minutes, The 
d t  

combined impedance of the  sand and the layer  of f i n e  beads was then 

measured as  16.2 minutes. The d i f ference  of 13,7 minutes, which i s  

the  impedance of the  layer  of g las s  beads, agrees well  with the 

impedance of  14.8 minutes ca lcula ted  from the  previously determined 

hydraulic  conductivi ty of  the  beads and the  measured thickness of the  

layer  of beads i n  the  cyl inder .  

C ,  Remarks, 

The graphica l  seepage determination according t o  f i g u r e  2 and 

equation (1) i s  e s s e n t i a l l y  the  same as  the  can-and-hook gage tech- 

nique used i n  connection with the seepage meter procedure developed 

by the  S o i l  Conservation Service ,  It can be shown t h a t  t h i s  
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procedure upon ana ly t i ca l  development yeelds the equaeion 

(9)  i n  the theore t i ca l  deve'bpment of the f a l l  islg-head technique '(I a ) ,  

The graphical  procedure, however, r e l i eves  the seepage calcula t ion as 

with equation (9) i n  (17) from the assumption. t h a t  1 i s  not affected 
S 

by H fo r  the H-range i n  question, The main advantages of the graphical  

procedure according t o  f igure  2 and equation ( 1 )  a r e  the convenienc.e of 

taking the measurements on the c.anal bank, the absence of in terference 

of water l eve l  f luctuat ions  during the measurements, and the s t a t i s -  

t i c a l l y  more r e l i a b l e  r e s u l t s  obtained by determining the seepage from 

best f i t t i n g  curves through the measured points ,  

Zn calcula t ing the hydraulic conductivity of slowly permeable 

bottom materials  which a re  not compl.etely penetrated by the seepage 

cup,. i t  may be d i f f i c u l t  t o  est imate D in eke f i e l d ,  because conduc- 
P 

t i v i t y  changes may occur without v i sua l  changes in the p ro f i l e  of the 

bottom mater ia ls ,  It may, however, be possible t o  use assumed values 

fo r  p, for  instance, p = 0 or  s l i g h t l y  negative, The  equation.^ used 

fo r  successive approximation of corrected values fo r  D and p a re  
P 

then used t o  approximate D an.d K of the sl.owly permeable layer ,  
P 

Thus, i f  assumed values fo r  p can be used, the procedure y ie lds  

' information regarding K and thickness of the slowly permeable bottom 

mater ia l ,  

I f  a correct ion Ah is  t o  be applied t o  the f r e e  water surface in  

case of non-negligible e f f ec t s  o f  velocity-induced pressure d i f f e r -  

ences on the seepage measurements, the seepage i s  not calculated from 

the r a t e  of divergence o f  the curves such as I n  Figure 2 a t  t h e i r  

point of in tersect ion,  but a t  a point to  the r i g h t  of the in te r sec t ion  
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where the curves a re  a v e r t i c a l  distance Ah apa r t ,  

A paper e n t i t l e d  "Use of seepage meters i n  seepage and recharge 

investigations" i s  completed i n  which the appl ica t ion of the f a l l i ng -  

head seepage meter technique i n  seepage and recharge invest igat ions  

i s  discussed i n  g rea te r  d e t a i l .  

SUMMARY AND CONCLUSIONS : 

The appl ica t ion of a fal l ing-head seepage meter technique i n  

seepage and recharge invest igat ions  i s  discussed, The falling-head 

measurements a r e  taken on the canal bank by means of an inverted 

U-tube and a hand vacuum pump, Curves a re  p lot ted  fo r  the f a l l i ng -  

water ' level  i n  the manometer tube connected to the seepage meter, 

and fo r  the r i s i n g  water l eve l  i n  the tube connected t o  the f ree  

water outside the seepage meter. The seepage i s  then calculated 

from the angle between the two curves a t  t he i r  point of i n t e r -  

sect ion.  This procedure i s  simple and convenient, and a lso  inde- 

pendent of water l eve l  f luctuat ions  i n  the canal o r  reservoir  during 

the period of measurements, Hydraulic conductivity of bottom material  

i s  calculated from the balanced-flow level ,  the previously determined 

seepage r a t e ,  and dimensionless parameters which were developed by 

res is tance  network analogs. The hydraulic conductivity can be 

evaluated fo r  uniform bottom mater ia l  o r  fo r  the top layer i n  case 

t h i s  layer i s  underlain by mater ia l  of e i t he r  much higher o r  much 

lower conductivity. The thickness of t h i s  top layer must then be 

known. I f  the top layer i s  r e l a t i ve ly  impermeable compared t o  the 

underlying material ,  the conductivity of the top layer i s  calculated 

by a process of successive approximation which a l so  y ie lds  information 
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regarding the pressure below the  layer .  Xf assumed values f o r  t h i s  

pressure can be used, f o r  instance atmospheric o r  s l i g h t l y  negative, 

i t  i s  poss ib le  t o  est imate both the hydraulic  conductivi ty and the  

thickness of the  slowly permeable layer .  This procedure is  appl ic-  

able  t o  layers  t h a t  extend beyond the depth of penet ra t ion  of the  

seepage cup. For th in ,  r e s t r i c t i n g  layers  such as  n a t u r a l  o r  a r t i -  

f i c i a l  "seals ,"  which a r e  completely penetrated by the  seepage cup, 

the conductivi ty information can be obtained i n  terms of the  

hydraulic  impedance. 

Po ten t i a l  a reas  of app l i ca t ion  of the  fa l l ing-head technique 

a r e  : 

1. Canal o r  r e se rvo i r  seepage inves t iga t ions  ( locat ing  leaky 

sec t ions ,  de tec t ing  presence of  r e s t r i c t i n g  layers ,  e f f e c t  of d i s -  

turbance of r e s t r i c t i n g  layers  on seepage, checking r e l i a b i l i t y  of  

techniques f o r  logging seepage, e t c , ) ,  

2 ,  Recharge inves t iga t ions  (detect ing presence and depth of 

r e s t r i c t i n g  layers  and determining measures t o  increase  recharge).  

3. Evaluation of the  performance of c e r t a i n  a r t i f i c i a l  s o i l  

s ea lan t s  fo r  reducing seepage, 

The v a l i d i t y  of the  fal l ing-head p r inc ip le  fo r  measuring 

seepage, hydraulic  conductivi ty,  and hydraulic  impedance was demon- 

s t r a t e d  by a laboratory study where good agreement between observed 

and known values of seepage, hydraulic  conductivi ty,  and impedance 

was obtained. 

PERSONNEL: H. Bouwer, R .  C, Rice 
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II, APPLICATION OF THE DOUBLE-TUBE METHOD 

INTRODUCTION : 

The p r inc ip les  of the  double-tube method f o r  measuring hydraulic  

conductivi ty i n  s i t u  above a water t a b l e  (22) a r e  bas ica l ly  sound and 

f r e e  from s t r i n g e n t  assumptions, Major sources of  uncer ta in ty  a r e  only 

the  p o s s i b i l i t y  of entrapped a i r  i n  the a r t i f i c i a l l y  sa tu ra ted  region 

below the  auger hole, the  p o s s i b i l i t y  of non-uniformity of the  s o i l  

within the  region sampled f o r  hydraulic  conductivi ty,  and reac t ions  

between the  water and the  c o l l o i d a l  f r a c t i o n  s f  the  s o i l .  The mechanics 

of  the  method, however, i s  e s s e n t i a l l y  f r e e  from sources of e r r o r .  

Because of the r o l e  t h a t  such a method could play i n  s o i l  and water 

management research,  f i e l d  procedures s u i t a b l e  f o r  rou t ine  appl ica-  

t i o n  of  the  method were developed, This involved the  cons t ruct ion  

and t e s t i n g  of s u i t a b l e  equipment, as  well  a s  comparisons between 

double-tube r e s u l t s  with r e s u l t s  obtained by o ther  methods, Studies 

were ca r r i ed  out  i n  the  f i e l d  a s  well  as  i n  the  labora tory ,  The 

r e s u l t s  a re  discussed i n  d e t a i l  i.n a paper t h a t  i s  i n  press (41). 

The discussion i n  t h i s  r epor t  w i l l ,  therefore ,  be l imi ted  t o  the 

more important f indings ,  

PROCEDURE: 

Laboratory s t u d i e s  were c a r r i e d  ou t  i n  the same sand box as  

previously discussed f o r  the  se.epage meter s t u d i e s ,  The purpose 

of these s tud ies  was t o  permit comparison o'f the  double-tube r e s u l t s  

agains t  a "standard" conductivi ty,  which was the  conductivi ty of the  

sand as a whole determined from rec i rcul .a t ion  r a t e s  and piezometer 

readings,  Thus, the  box served a s  a la rge  permeameter f o r  t h i s  
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purpose, After the hydraulic conductivity of the sand i n  the box was 

determined, the inner tube was pushed a c e r t a i n  distance fa the sand. 

The walls of the box served as  the outer  tube, Since the sand i n  the 

box was underlain by a layer of gravel f o r  adequate drainage of the 

sand, flow fac to rs  were se lected from the graph applying t o  s o i l  under- 

l a i n  by material  of much higher conductivity (22). 

Photographs and de ta i l ed  descript ion of the equipment used i n  the 

f i e l d  t e s t s  a r e  shown i n  (22) and ( 4 l ) ,  F a c t ~ r s  studied i n  the f i e l d  

were the proper time spacing of the equal-level and constant-level  

measurements (22) t o  obta in  consis tent  and reproducible r e s u l t s ,  

Furthermore, a procedure fo r  determiniag i n  the f i e l d  the  time t ha t  

consis tent  r e s u l t s  were obtained without ca lcula t ing K a f t e r  each 

measurement was developed, A record was kept of the t o t a l  volume of 

water required fo r  the t e s t s  as well as of the number of hours required 

fo r  su f f i c ien t  sa tu ra t ion  and corresponding consistency i n  r e s u l t s ,  

After completion of the f i e l d  t e s t s ,  which were made i n  coarse 

sand, f i ne  sand, and loam, s o i l  samples were taken a t  the bottom of 

the auger hole f o r  laboratory determination of hydraulic conductivity. 

For the two sands, which were f a i r l y  uniform, the samples were d i s -  

turbed. For the loam, undisturbed samples were taken i n  v e r t i c a l  as 

well as horizontal  d i rec t ions ,  For t h i s  purpose the auger hole had 

to  be excavated to  considerably larger  dimensl,on.s a f t e r  the double- 

tube t e s t s ,  The absence of standard methods fo r  determining hydraulic 

conductivity i n  the f i e l d  precludes comparisons between r e s u l t s  from 

the double-tube method and "true" K-val.ues, Thus, the K-values 

obtained from the s o i l  samples i n  t h i s  study could only serve t o  
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compare genera l  magnitudes, 

The double-tube t e s t s  I- the  loam s o i l ,  which was an Adelanto loam 

wi th  a well  developed structure, sFowed t h a t  an u ~ d i s t u r b e d ,  c lean  s o i l  

sur face  a t  the  bottom of the  auger hole was required t o  ob ta in  r e l i a b l e  

r e s u l t s .  A s p e c i a l  hole cleaxer was developed f o r  t h i s  purposev The 

working pa r t  s f  the  hole cleaner cons i s t s  of a number of p a r a l l e l  

t h i n  s t e e l  blades spaced about 1 cm a p a r t ,  T5e blades a r e  pushed I n  

the s o i l  and upon v e r t i c a l  removal of the  hole cleaner,  the s o i l  tends 

t o  s t i c k  between the  blades, thus y i e ld fag  a c l ean  breaking surface  a t  

the bottom of the  auger h l e ,  Dry, coarse sand i s  then poured on the  

bottom of t he  hole t o  form a 1,-2 em protec t ive  layer Ssr  the  exposed 

masropores of the  undisturbed s o i l ,  

RESULTS AND DISCUSS XOM : 

The r e s u l t s  of the  laboratory study (Table 3 )  show tha r  the  most 

shallow penetraticm gtves the  bes t  agreement between K double-tube 

and For d = 2 cm, the  average K 5s only 5,6% l e s s  
double- rube 

than KboxJ As d increases,  Kdouble- tube 
decreases, which i s  probably 

caused by compaction of the  sacd near and under the cylinder as  the 

cylinder is pushed i n t o  the  sand, 

Theoret ical ly,  t h e r e  sbould be as e f f e c t  or" I$, on KdoubleWtube0 

The d i f f e r e n t  K-values obtained f o r  iden t fca l  runs wi th  E$ = 0 a t  

d = 6 cm (Table 3 )  i nd ica tes  t h a t  a d i f ference  i n  K f o r  d i f f e r e n t  

E$-values, such as  f o r  K a t  d = 2, may be due t o  e r r o r s  
double- tube 

i n  the  individual  t e s t s ,  The sand-box study shows the  v a l i d i t y  of 

the  prin.ciples of the  double-,tube metb.od, The study a l s o  served as  

a check on the  F -values, wbieh were determined wlrh a r e s i s t ance  
f 
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network analog. 

The r e s u l t s  of  the  f i e l d  s tudies ,  which were ca r r i ed  out  with a 

5-inch inner tube and an 8-inch outer  tube in an auger hole of apprsxi- 

mately 3 St  deep, a r e  shown i n  Table 4 ,  For the  two sandy s o i l s ,  which 

were i n  the  S a l t  River bed, the  comparison was made with K-values from 

disturbed samples, Since the s o i l s  a r e  of a l l u v i a l  o r ig in ,  some or ien-  

t a t i o n  and separa t ion  of  p a r t i c l e s  can be expected i n  the na tu ra l  con- 

d i t i o n s .  Thus, f u l l  agreement between the two methods was not l i k e l y  

t o  e x i s t  and the  main ob jec t ive  of t h i s  study was t o  compare genera l  

magnitudes r a t h e r  than exact values.  Xn add i t ion  t o  laboratory perme- 

ameter t e s t s  of  d is turbed mixed samples prepared from moist sand, 

K-data were measured on water-deposited samples obtained by pouring 

dry sand i n  wa te r - f i l l ed  permeameters and replac ing the  remaining 

l i q u i d  above the  sample, which contained f i n e s  in  suspension, by c l e a r  

water.  The K-values of  the mixed and of  the  water-deposited samples 

provided a range of  magnitudes within which the  undisturbed K could 

f a l l .  The r e s u l t s  i n  Table 4 show t h a t  comparable magnitudes were 

obtained and t h a t  K determined wi th  the  double-tube f e l l  between the  

extreme K-values of the  d is turbed samples, 

The K-value obtained i n  Adelaato loam i n  back of the  Laboratory 

was compared with K-data from undisturbed core samples 6 cm long and 

5.5 cm i n  diameter,  Samples were taken i n  hor izonta l  and v e r t i c a l  

d i r ec t ions  a f t e r  the auger hole in which the  double-tube t e s t s  were 

ca r r i ed  out  was enlarged t o  permit the  taking of undisturbed samples, 

Although the  core samples y ie lded a considerable spread i.n K-values 

(from 0.0018 t o  0,17 cm/min wi th  most values between 0,015 and 0,030 
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cm/min), the average K agreed wet l wi t b  K from the double-.tube method, 

In working with the double- tube metbd  dn the  f i e  hd, 4t wds found 

t ha t  i f  the equal-level and cons ta~ t - JeveJ  measurements were carr ied  

out  too soon a f t e r  each other?  reproducible r e s u l t s  were not always 

obtained, & s t  l ike ly ,  t h i s  was due t o  insuf f i c ien t  time fo r  the flow 

system below the hole bottom to  r e tu rn  to normal conditions between 

measurements, Thus, an equal-level measurement was apparently in f lu -  

enced by the disturbance caused by ehe previous cons ta~ t -Leve l  measure- 

ment. It was found, t h a t  allowisg approximately 10 times as  much time 

between the equal-level and constant-level  measurements as i t  took t o  

obtain the individual  equal-level  o r  constant-level  measurements, 

yielded accurate and reproducible r e s u l t s ,  

To determine the point s f  su f f i c i en t  a r t i f i c i a l  saturacion beLow 

the bottom ~f the auger hole, which is  e v i d e ~ a d  by consistency i n  

K-values as determined from successive combinations of equal-level. 

and constant-level curves, a ce r ta in  distance (20 cm,, far instance) 

i s  se lected on the inner tube standpipe and the time required fo r  the 

water l eve l  i n  t h i s  standpipe to  drop t h i s  d is tance  i s  recorded f o r  

each equal-level o r  constant-level measurement, This time i s  then 

plot ted  against  c b c k  time and t h e  points  a re  connected so as t o  

y i e ld  one curve fo r  the equal-level  measurements asd aaother curve 

fo r  the constant-level  measurements, When the v e r t i c a l  distance 

between the curves becomes constant, consistent  K-values a r e  yielded 

and the  f i e l d  t e s t s  can be stopped, The time t o  reach su f f i c i e a t  

a r t i f i c i a l  sa tu ra t ion  fo r  the s o i l s  ic. Table 4 was two t o  three  

hours fo r  the sandy soil.  and 5 hours for the loam s o i l ,  The t o t a l  

" 68 " 
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volume of water required fo r  each t e s t  was about 100 g a l .  For fu r the r  

d e t a i ?  regarding f i e l d  procedures and processing of f i e l d  measurements, 

reference i s  made t o  (41). 

SUMMARY AND CONCLUSIONS : 

Theory and p r inc ip les  of the  double-tube method f o r  measuring 

hydraulic conductivi ty of s o i l  i n  s i t u  above a water t a b l e  (22) were 

t e s t ed  i n  the  labora tory .  The s tudies ,  which were c a r r i e d  out  i n  a 

sandbox, showed excel lent  agreement between the  r e s u l t s  obtained wi th  

the  double-tube p r inc ip le  and the  known hydraulic  conductivi ty of the  

sand i n  the  box, i. e., 3.87 and 4.10 cm/min, r e spec t ive ly ,  

Equipment and procedures were developed f o r  rou t ine  appl ica t ion  

of the double-tube method i n  the f i e l d ,  Reproducible r e s u l t s  were 

obtained i f  t en  times as  much time was allowed between equal- level  

and constant- level  measurements a s  the time required f o r  the  individual  

equal- level  o r  cons tant - level  measurements. A procedure was a l s o  

developed t o  determine i n  the  f i e l d  when s u f f i c i e n t  s a t u r a t i o n  i s  

reached, a s  evidenced by cons i s t en t  K-values y ie lded by successive 

measurements, without having t o  ca lcu la te  K a f t e r  each s e t  of 

measurements. 

Of paramount importance i n  obta in ing accurate r e s u l t s  is  an 

undisturbed, clean surface  of the s o i l  a t  the bottom of the  auger 

hole,  A s p e c i a l  hole cleaner,  cons is t ing  of a number of p a r a l l e l  

t h i n  s t e e l  blades, was developed f o r  t h i s  purpose. The requirement 

of undisturbed s o i l  sur faces  app l i e s  t o  any method whereby perme- 

a b i l i t y  i s  evaluated from the  r a t e  of outflow of water from a s o i l  
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cavi ty  o r  well .  I f ,  f o r  a c e r t a i n  method, l imi ted  aceess ib i . l i ty  

precludes obtaining undisturbed surfaces  f o r  the  outflow f a c i l i t y ,  

the u t i l i t y  of  such a method i s  se r ious ly  reduced, 

The double-tube method was applied a t  three  locat ions  i n  the  S a l t  

River Valley, on a coarse sand, f i n e  sand, and Adelanto loam. The 

r e s u l t s  of the  double-tube method agreed well  wi th  r e s u l t s  obtained 

from disturbed samples taken a t  the bottom of the  auger hole f o r  the  

two sandy s o i l s ,  and from undisturbed samples taken from the  Adelanto 

loam, The time requi red  fo r  s u f f i c i e n t  s a t u r a t i o n  and consis tent  

r e s u l t s  var ied  from two t o  th ree  hours f o r  the sandy s o i l s  and f i v e  

hours f o r  the  loam s o i l ,  Approximately I O Q  g a l .  o f  water was 

required fo r  each t e s t ,  The double-tube method can bes t  be ca r r i ed  

out  by a crew of two men, Such a crew could handle severa l  double- 

tube t e s t s  simultaneously, 

The double-tube method combines s impl ic i ty  of equipment and 

operat ion with freedom from s t r i n g e n t  assumptions and s impl i f ica-  

t ions .  The method i s  bas ica l ly  sound and the flow system from 

which K i s  determined i s  well  defined,  A i r  entrapment, non-uniformity 

o r  anisotropy wi th in  the  s o i l  region sampled f o r  K, and reac t ion  

between the water and the  c lay  f r a c t i o n  of the  s o i l ,  a r e  the  major 

sources of unce r t a in ty ,  Good r e s u l t s  were obtained i n  laboratory 

and f i e l d  t e s t s  of the  double-tube method. Th.e method, therefore,  

appears t o  be a s u i t a b l e  t o o l  f o r  f i e l d  measurement of hydraulic  con- 

duc t iv i ty  of s o i l  t h a t  i s  not sa tu ra ted  p r i o r  t o  the  time of the  

measurements. 

PERSONNEL: H, Bouwer, R.  C, Rice 
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Table  1, R e s u l t s  of e v a l u a t i o n  of s o i l  s e a l a n t  M - 1  i n  Main Ganal, 
Beardsley,  Arizona,  January  19 - February 6,  1961, 

Date 
and 
Time 

Seepage meter  ins ta1 . l ed  and s e c t i o n  f i l l e d  up 

l * as 
1,75 
1 ,75 
S o i l  s e a l a n t  
th rough  seepa 
l , 7 5  
1 ,65  
l , 4 5  
1 , 4 0  

2 , 5  
2 ,9  
2 ,5  
2 ,O 
2 P O  

106 
1 0 6  

3,8 
2 , 4  
3,2 
3 , 2  
2 , 1  

2 ,P  
2 , l  
2,1 

-1 a p p l i e d  
CUP 
l,1 
1 ,.I 
1,6  
101  

0,20 
O, l2  
0 ,18 
0,12 

0 ,20 
0 ,21  
0,38 

0,22 
0,13 
0 ,13 
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Date 
and 
Time 

U, S, Water Gonse: 

Seepage ia /hr  

ter  Test -- Pond~ai: Test 
U, u S o  Bureau 

Water level drop inJhr - 

1,54 

pretreatment 1,55 

H-1 treatment sf section 

P o s t  treatment 0.60 
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and-rnodel s tud ies  of double-tube F?. data 
n ordar QE tests performed. 
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ure  2, Curves of water Level in manometer tu es versus time and eva 
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d 

Figure 3 ,  Saad box fo r  laboratory tests of  f a l l i  

oubbe-tube prfnci 
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Fines an. 
Organic 
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tep t e a t s  in Faflon 
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igure 6, Number of measurements, standard deviation and average 
-.---..- ---¶--a- -c - - - -  - 3  +3 - 
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TITLE: SURFACE ENERGY BALANCE I N  ARZD LANDS AGRXCULTbWE 

LINE PROJECT: SWC 4-gG2 

TNTRODUCTTON 

The amount of water used o r  l o s r  by various surfaces such as 

crop surfaces,  phreatophyte surfaces,  water surfaces,  and bare s o f l  

surfaces i s  important i n  a r i d  lands agr icu l tu re ,  Estimarfon s f  

the amount of water used by these surfaces requfres the measure- 

ment and understanding of various atmospheric parameters, Depending 

upon the method used, these atmospheric parameters have t o  b e  

r e la ted  to  the actual  evaporation to  verf fy  the  ex i s t ing  theory, 

Once exis t ing theory has been ve r i f i ed  o r  new theory developed, 

measurement of the atmospheric parameters w i l l  y%ld dscfmates of 

the water used o r  l o s t  over vareous undisturbed surfaces,  

PROCEDURES :: 

During the pas t  year, four major ewperfments have been 

conducted to  determine the magnitude and disposi t fon of :he hsmos- 

pheric parameters as r e l a t ed  to  evaposatAon from shallow wafer 

surfaces and wet s o i l  surfaces,  A ra the r  complete descsipt3on of 

these experiments and the instruments used Is presented i n  Surface 

Energy Balance i n  Arid Lands Agriculture, Annual Report F i sca l  

Year 1961, to  the Meteorological Department, DSAEPG, Forr 

Huachuea, Arizona, Task No, 3899-27-005-08. SSnce the data  

were not completely analyzed as of the writ ing of t h i s  report ,  

only preliminary r e s u l t s  were presented, Consequently, t h i s  

repor t  w i l l  contain only modifications to  zhe %asewmen&sclsn 
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and t h e  f i n a l  a n a l y s i s  of t he  d a t a ,  

EQUIPMENT CHANGES : 

Program, The micrometeoro1ogiccaT data handling system - 
p r i n t o u t  was reprogrammed i n  o rde r  char  a complete l h e  of $e ta  

could be placed on one TBM punch card ,  Previously,  two punch 

cards  were necessary  f o r  one l i n e  of' da ta ,  or  a complete p r i n t o u t  

of 49 channels would r e q u i r e  8 TBM punch cards ,  The repro  

would reduce the  number of LBM punch cards  r equ i r ed  t o  four  f o r  

a  complete p r i n t o u t ,  

The previous program cons issed  of a 8-dig", d3rzte=z%den%ffying 

group followed by a  space; 2-digfL charmel i den t32 , e r ,  space; 

4 - d i g i t  channel p r i n t o u t  followed by space; channel 2denr f f i e r ,  

space; 4 - d i g i t  p r i n t o u t ,  e r e ,  Each l i n e  then c s n s f s t e d  of a 

t ime-date i d e n t f f i c a t i o ~  group and 19 channel f 3 a n t l f i e r s  wFth 

t h e i r  r e s p e c t i v e  pr intout- ,  Consequently, four  typewrixcen l i n e s  

were requi red  t o  l i s t  d a t a  from 49 channels ,  Each sypewrfzten 

l i n e  then cons i s t ed  of 88 c h a r a c t e r s ,  The IBM punch card  conta ins  

only 80 a v a i l a b l e  spaces;  t he re fo re ,  t o  punch one l i n e  of da ra  

f o r  10 channels wi th  the  d a t e  i d e n t i f i e r  on an XBM punch card, 

t h e  spaces between the  channel i d e n t i f i e r  and a f g l r a l  readout  

were el iminated.  The p re sen t  format of t he  p r f n t s u ~  is  a s  

follows: 8 - d i g i t  da t e - iden t i fy ing  group, space; 2 -d ig i r  channel 

i d e n t i f i e r  followed by a  4 -d lg f t  channel p r f n t o u ~ ,  Each l i c e  

conta ins  10 channels wi th  except ion of zhe l a s t  l i n e  which 

conta ins  9 channels;  % , e , ,  from channels 41 t o  49, 
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Input  cab le  and plug board, Since the  number and types of 

var ious  micrometeorological elements t o  be recorded a r e  cons t an t ly  

changing, a  plugboard sys  tem was deemed necessary t o  f a c i  li t a t e  

reprogramming t h e  va r ious  cab le  i npu t s  t o  t h e  va r ious  record ing  

channels .  To accomplish t h i s ,  11 American Pamcor, 53 s e r i e s ,  

t ape r  p in  blocks wi th  20 c a v i t i e s  and two 1/2- by 3/4-inch 

aluminum b a r s  were fas tened  toge ther  wi th  long b o l t s ,  The input  

cables  from the  experimental  f i e l d  were permanently wired t o  the  

backside of t h e  plugboard along wi th  the  40 channel cables  from 

the  d a t a  handl ing system. With the  p re sen t  arrangement, any one 

of t he  inpu t  cab le s  from the  lys imeter  f i e l d  may be q u i  t e  e a s i l y  

connected t o  any one of t h e  channels of t he  d a t a  handl ing system 

wi th  the  a i d  of a  s h o r t  jumper. 

Voltage d i v i d e r s .  The o r i g i n a l  d a t a  handl ing system was 

capable of transforming va r ious  EM?? o r  thermocouple s i g n a l s  i n t o  

an analog output  of a  form s u i  t a b l e  f o r  tape punch o r  F lexowri te r  

opera t ion .  The analog d a t a  then has t o  be decoded o r  transformed 

i n t o  the  s tandard  u n i t s  f o r  f u r t h e r  a n a l y s i s .  Approximately one- 

h a l f  of our  previous IBM a n a l y s i s  was u t i l i z e d  i n  transforming the  

analog outputs  i n t o  s tandard  u n i t s .  This was time consuming and 
> 

c o s t l y ;  furthermore, t he  d a t a  could no t  be e a s i l y  inspec ted  a t  

the  Laboratory u n t i l  i t  had been rece ived  from IBM a n a l y s i s .  This 

meant a  delay from t h r e e  t o  s i x  months. To remedy t h i s  s i t u a t i o h ,  

f i f t e e n  2000-ohm, l o - t u r n  He l ipo t s  were i n s t a l l e d  i n  t he  lys imeter  

f i e l d  i n  such a  f a sh ion  t h a t  t h e  inpu t s  from t h e  ly s ime te r  f i e l d  
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could be s c a l e d  down so  t h a t  %he analog ou tpu t  from t h e  d a t a  

handl ing system was i n  s tandard  u n i t s ,  i n s t ead  of t h e  analog a s  

previous.  The l ead  wires  from t h e  v o l ~ a g e  d i v i d e r s  were f i x e d  so 

they could be  used En p l ace  of a jumper t o  connecr rhe cable  i npu t s  

t o  t he  var ious  channels ,  Thfs method proved very e f f  e c t f v e  f o r  

t ransducers  which have d i f f e r e n t  c a l f b r a t i o n  curves,  such a s  the  

n e t  radiometers,  t h e  s o l a r  radiometers ,  and t h e  heat-flow t r a n s -  

ducers ,  This method was no t  appl ied  to  the thermocouple inpurs  

because of t h e  reduced accuracy t h a t  would have r e s u l t e d  and also,  

because a l l  t he  thermocouple i npu t s  can be  decoded wi th  the  a i d  

of one equat ion  o r  s l i  

Wind-recording system, The o r i g i n a l  wind-recording system 

was modified t o  inc lude  n i n e  Veeder-Root countess  wf th  e l e c t r i c a l  

readout  and r e s e t .  The counters  a r e  now a c t i v a t e d  by s e n s i t i v e  

in te rmedia te  r e l a y s ;  t he  s e n s i t i v e  r e l a y s  being ac t iva t ed ,  i n  turn,  

by the  con tac t  c lo su res  of t he  anemometers, TQ accomplish t h e  

a d d i t i o n  of t h e  t h r e e  e x t r a  Veeder-Root counters? t h e  main d a t a  

handl ing system had t o  b e  reprogrammed so t h a t  t h e  addi  t i o n a l  

counters  could be r ead  o u t ,  

Af te r  t he  counters  have been used f o r  a cons iderable  period.. 

of time, t he  shims w i t h i n  the  counting wheels wear s u f f i c i e n t l y  t o  

al low f o r  poor con tac t  c lo su re  i n  t h e  readout  mechanism, The main 

d a t a  handl ing system i s  so designed t h a t  when an open c i r c u i t  i s  

encountered i n  t he  p r i n t o u t  cycle ,  the  p r i n t o u t  cyc l e  w i l l  be  

stopped, Thfs has happened s e v e r a l  times during counter  readour; 
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therefore ,  t he  wind system was f u r t h e r  modified wi th  %he add i t i on  

of a  s tepping  switch connected t o  each digEt  of t h e  counters ,  

Af t e r  t he  counting cyc le  had been stopped f o r  a  per iod  of 15 

seconds, a  time-delay r e l a y  i s  e n e r g i  zed, causing the  s tepping 

switch t o  s e q u e n t i a l l y  i n t e r r o g a t e  t he  counters  from back t o  

f r o n t ,  au tomat ica l ly  c lo s ing  t h e  open c i r c u i t s  wi th  a  space impulse. 

when t h e  open c i r c u i t  is encountered and c losed  wi th  a  space 

impulse, t he  main system w i l l  cont inue the  p r i n t o u t  cyc le .  A 

l i g h t  on the  f r o n t  of t h e  system enables  one t o  d e t e m i n e . i f  

t h e r e  has been an open c i r c u i t  during the previous record ing  

cyc les .  By i n v e s t i g a t i n g  t h e  data ,  one can determine which 

counter  was f a u l t y  and by comparing i t  wi th  the  d a t a  from t h e  

o t h e r  counters ,  can determine which d i g i t  of t h e  counter  was 

causing the  t roub le ,  

I n s t a l l a t i o n  of t h e  Eie ld  cab le s ,  Pour a d d i t i o n a l  thermo- 

couple-type cab le s  conta in ing  fou r t een  p a i r s  of copper-lconstantan 

thermocouple wires  were i n s t a l l e d  i n  t he  lys imeter  f i e l d ,  These 

cables  were i n s t a l l e d  between each of t he  t h r e e  ly s ime te r s  and 

t h e  c e n t r a l  mast t o  t h e  junc t ion  box, The lys imeter  and the  c e n t r a l  

mast end of the  cab le s  were f i t t e d  wi th  a  cable- to-cable- type 

connector so t h a t  t h e  sensor  end of t he  connector may be r e a d i l y  

rewired t o  f a c i l i t a t e  measuring of var ious  meteoro logica l  f a c t o r s .  

The cables  were bu r i ed  a t  a  depth of 1 2  inches.  With t h i s  semi- 

permanent type of i n s t a l l a t i o n ,  t h e  f i e l d  may be  r e a d i l y  c u l t i v a t e d  

without  d i s t u r b i n g  any of the  sensing cables .  
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S o i l  heat-flow transducers,  Or ig inal ly  Beckman & Whitley 

heat-flow transducers, model No. ST201-1, were u t i l i z e d ,  The 

transducers were 3-3/8 inches long, 1-1/8 inch wide, and 3/64 inch 

th ick ,  These transducers had been previously used by o the r  

personnel before  being used i n  our work. Some of the  heat-flow 

transducers were coming apar t .  These were again clamped together  

and resea led ,  A comparative check indica ted  t h a t  the  c a l i b r a t i o n  

f a c t o r s  of the  heat-flow transducers had been changed. The heat- 

flow transducers were considered unsui table  f o r  f u t u r e  research  

because of the  separa t ion  of the  ou te r  surfaces  and a l s o  because 

of d i scon t inu i ty  of some of the  the~mocouple c i r c u i t s ;  therefore,  

f i v e  add i t iona l  thermal t ransducers were purchased from National 

Instruments Laboratory, 828 Evarts  S t ree t ,  N , E , ,  Washington 18, D.C, 

Model No, HF'-2, These transducers a r e  approximately 50 mm i n  

diameter, 3.3 mm th ick ,  They a r e  constructed of polyvinal chloride,  

-1 -1 0 -1 
which has a thermoconductivity of 0.033 c a l  min cm C . They 

have the  i n t e r n a l  r e s i s t a n c e  of 100 ohms and have a c a l i b r a t i o n  

-1 -2 -1 
constant  of approximately 50 mv c a l  cm min The heat-flow 

transducers were c a l i b r a t e d  a t  20C and have a temperature coe f f i -  

c i e n t  of approximately 1 percent per 10C. 

RESULTS AND DISCUSSION 

A s  indica ted  before, the  preliminary r e s u l t s  of the  four  

experiments were reported i n  the  ~ e ~ o l t  t o  the  Army; however, s ince  

t h a t  time the  f i n a l  evaluat ion  of the  da ta  with respect  to the  

energy balance components has been completed, 
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The hourly d i  s trlbut5,oa of the  energy balance conipoaents 

along with windspeed and d i r e c t i o n  f o r  each day of the  four 

experiments a r e  presented in Figures 1 t o  15, Although the 

hourly d i  s t r i b u t i  on of these  components f s imporcant and can 

be sc ru t in ized  i n  de ta f l ,  the foLlow.ing major f a c t s  a r e  evident: 

(1) Tn a l l  cases net  r ad ia t ion  was negative during the  

nocturnal  hours and p o s t t t v e  during the  d a y l i  h t  hours as  would 

be  expected, 

(2)  The evaporative f l u s  ("LEI was always negative. 

(3) A consf derable amount of evaporation was noted during 

the  nocturnal  hours even a f t e r  the  s o i l  su r face  had changed color  

and become dry, 

(4) The S 4- SQ o r  W term, as the  case may be, was pos i t ive  

during the nocrurnal  hours and negative during the  ea r ly  p a r t  of 

the  daylight  hours, En some cases t h i s  term changed from pos i t ive  

t o  negative during the  l a t e  af ternoon,  

(5) The sens ib le  hea t  f l u x  t o  the a i r  term (A) was genera l ly  

zero during the  nocturnal  hours i n  L i t t l e  Mud 1 (W1) and pos i t ive  

during the dayl ight  hours when the  s o i l  sur face  was wet, f o r  

ins tance  14 April ,  1961; however, chis  p tc ru re  reversed when the 

s o i l  sur face  became dryer i n  t h a t  A was negative Gurfng both the 

dayl ight  and nocturnal  hours, l a  rhe case of L i t t l e  Splash 2 

(LSZ), A was p o s i t i v e  during both the  nocturnal  and dayl ight  hours 

ind ica t ing  t h a t  energy was derived from the a i r  i n  the form of 

sens ib le  hea t ,  Pn the  case of Big Splash 1 (BSl), che s ign  of the  
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sensible  heat  f l ux  to the a i r  term (A) was negative during the 

nocturnal and daylight  hours. This i s  a contras t  to  LS2, o r  a 

contras t  between the extended shallow water and the i so la ted  

shallow water surface. I n  the case of Big Mud 1 (BMl), when the 

s o i l  surface  was wet, A was pos i t ive  during the nocturnal hours 

and negative during the daylight  hours, This i s  again a contras t  

t o  the conditions prevail ing i n  LM1. 

(6) I n  a l l  cases of read i ly  evaporating surfaces, a  

secondary maximum and the actual  amount of evaporation appeared 

to  be corre la ted with increasing windspeed when the energy inputs 

were s imi lar .  To emphasize t h i s  point, the evaporative f lux  (LE) 

on 26 April was subtracted from the evaporative f l ux  on 25 April 

and p lo t t ed  agains t  the di f ference i n  windspeed, t ha t  i s ,  wind 

on 25 April minus wind on 26 April ,  The hourly points  thus 

obtained a r e  shown i n  Figure 16. These days were qu i te  s imi lar  

with respect  to energy input and underlying surfaces;  therefore, 

a  d i r e c t  comparison i s  f eas ib le .  Although there  i s  considerable 

s c a t t e r  among the hourly points  i n  Figure 16, the re  is  a de f i n i t e  

indicat ion tha t  the di f ference i n  the evaporative f l ux  i s  corre- 

l a ted  with the di f ference i n  wfndspeed. 

To f a c i l i t a t e  the d i r e c t  comparison of the  various components 

of the energy balance equation, so l a r  rad ia t ion  and average wind 

movement, the  da i ly  values f o r  each day and fo r  each lysimeter of 

a l l  experiments a r e  presented i n  Table 1. One can see  a q 

c lose  agreement between the measurements made i n  and over each 

lysimeter. 
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(1) I n  comparing L i t t l e  Mud and Big Mud, t h e  s o i l  su r f ace  

appeared t o  dry quicker  i n  LM than i n  BM a s  one would expect from 

an i s o l a t e d  wet s u r f a c e  i n  a l a r g e  dry a rea .  

(2) I n  t he  case  of LM, energy was der ived  from t h e  a i r  

during the  f i r s t  day when t h e  s o i l  s u r f a c e  was wet, This term 

changed s i g n  a f t e r  t he  s o i l  s u r f a c e  became dry  and increased  i n  

magnitude , 

(3)  The s e n s i b l e  h e a t  f l u x  t o  t h e  a i r  term (A) was negat ive  

a t  a l l  times i n  BM and a l s o  increased  i n  magnitude a s  t h e  s o i l  

s u r f a c e  became dryer ,  

( 4 )  Again, when t h e  s o i  1 s u r f a c e  was wet, energy was 

der ived  from the  under ly ing  s u r f a c e  i n  both  5_S?I and BM, 
! n 

(5) As the  s o i  1 su r f  ace became dryer ,  the  s i g n  of the  

term (S  + S o )  changed and increased  i n  magnitude i n d i c a t i n g  t h a t  

more energy was u t i l i z e d  i n  hea t ing  t h e  under ly ing  s o i l ,  

(6) The evapora t ive  f lux  (LE) decreased a s  time progressed.  

Consequently, t he  s o i l  s u r f a c e  changed i n  co lo r  and became 

heated, thus r e s u l t i n g  i n  a decreas ing  n e t  r a d i a t i o n  wi th  time 

and inc rease  i n  t h e  nega t ive  d i r e c t i o n  of S + S t  and A. 

(7) I n  comparing L i t t l e  Splash 2 and Big Splash 1, one 

notes  t h a t  t he  evapora t ive  f l u x  i s  always g r e a t e r  i n  t h e  case  of 

t he  i s o l a t e d  shal low water  s u r f a c e  than  i n  the  case  of the  

extended shal low water  su r f  ace. 

(8) I n  both experiments f o r  s i m i l a r  energy inputs ,  

increased  evapora t ive  f l u x  was a s soc i a t ed  wi th  kncreased wind 

movement , 
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(9)  xn the case of LS2, the term S f W was always 

posit ive,  while i n  the case of BSl, the S + W term was pos i t ive  

and negative with the  pos i t ive  term being associated with the 

g rea te r  evaporative f lux,  

(10) The sensible  heat f lux  to  the a i r  term (A) was always 

pos i t ive  i n  LS2 and always negative i n  BS1, indicat ing t ha t  f o r  

the i so la ted  shallow water surface, energy was being continually 

derived from the  overlying a:r while energy was u t i l i z e d  i n  

heating the a i r  i n  the case of the extended shallow water surface,  

(11) It i s  very d i f f i c u l t  to make any d i r e c t  comparison 

between LMl and LS2 s ince  the ear ly  par t  of both LM1 and LS2 was 

cloudy; however, 14 April and 18 April a re  s imi la r  with respect  

to  so la r  radia t ion,  but the average wind movement i s  somewhat 

g rea te r  on 18 April.  One not ices  t ha t  a g rea te r  evaporative 

f lux  exis ted  on 18 April as compared t o  14 April,  This may be 

explained by the di f ference i n  wind movement and also, i n  avai l -  

a b i l i t y  of moisture, 

(12) Some very in te res t fng  comparisons can be made between 

BS1 and BM1. I n  both experiments, a secondary maximum of evapo- 

r a t i v e  f l ux  tended to  be associated with an increase i n  windspeed, 

When s imi la r  rad ia t ion  inputs and wind movement existed,  a larger  

evaporative f lux  was measured over the wet s o i l  surface  than over 

the extended shallow water surface,  

(13) I n  both experiments the  S -t W o r  S P  term, as  the case 

may be, was pos i t ive  when the l a rger  evaporative r a t e s  existed;  

however, t h i s  term became negative with the l e s s e r  evaporative 
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ra tes ,  and increased i n  the negative d i rec t ion  when the  s o i l  surface 

became dry (BM1). 

(14) The most noticeable f a c t  i s  tha t  the sensible  heat  f lux  

to  the a i r  term was negative i n  a l l  cases reported i n  both experf- 

2 
ments, This indicates  that  with an area as  small as 6,700 m , no 

energy was derived from the overlying a i r  mass. This i s  i n  

contras t  t o  the cases of the i so la ted  wet surfaces, LS2 and LM1; 

however, it i s  qu i t e  s i gn i f i c an t  when considering the energy 

balance over cropped areas of moderate s i z e ,  

PERSONNEL: L. J. Fritschen, C. H, M. van Bavel, and R. J. Regfnato. 
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Table 1.--Daily t o t a l s  of t h e  energy ba lance  components f o r  each 

l y s  ime t e r ,  

LY 1 
1Ly I1 
Ly 111 
Ave . 
LY 1 
Ly I1 
Ly I11 
Ave . 
LY I 
Ly I1 
Ly 111 
Ave . 

LY 1 
Ly I1 
Ly 111 
Ave. 

LY 1 
Ly I1 
Ly I11 
Ave . 
LY I 
Ly I1 
Ly 111 
Ave . 

average windspeed and s o l a r  r a d i a t i o n .  

LITTLE MUD 1 

9 5 5  
R 

su  
R 
n 

LE S-t-Sn A 

- 1 - 1 
cm s e c  p l y  day 5- 

351 -448 +28 a-69 
360 -462 +35 f 67 
340 -441 +21 +8 0 

25 3 694 350 -450 4-28 4-7 2 

286 -178 -16 -92 
296 -182 -29 -85 
280 -187 -22 -7 1 

187 706 287 -182 -22 -82 

276 -110 -34 -132. 
284 -110 -63 -111 
2,67 -110 -56 -101 

15 2 692 276 -110 -51 -114 

LITTLE SPLASH 2 

%55 
R 

su  
R 

n 
LE SW A 

cm secml -1y day 
.- 1 
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T a b l e  1 , - - C o n t i n u e d  

LITTLE SP'LASH 2, 

LY I 
Ly II 
Ly T I 1  
Ave . 
LY 1 
Ly I1 
Ly I P I  
Ave . 

LY I 
Ly X I 1  
Ave , 

LY 1 
Ly 111 
Ave . 

LY I 
Ly 111 
Ave . 
LY 1 
Ly 111 
Ave , 

- 1 - 1 
ern see d y  day - 

BIG SPLASH 1 

BIG MUD 1 
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Table 1. --Continued 

B I G  W D  1 

- 1 - 1 cm s e c  p l y  day .-- 

O4/30/61 Ly I 408 -377 - 10 -21 
Ly I11 390, -337 - 11 -42 
Ave , 160 723 399 -357 -10 -32 

05/01/61 Ly I 374 -293 -36 -45 
Ly 111 348 -245 - 13 -90 
Ave . 163 722 361 -269 -24 -68 

05/02/61 Ly I 337 -251 - 46 -40 
Ly 111 320 -199 -23 -98 
Ave , 233 723 328 -225 -34 -6 9 

Annual Report of the U.S. Water Conservation Laboratory



Pigure 1.--Hourly values of solar and net r a d i a t i o n ,  
soil heat flow, evaporative flux, s r n r i b l e  
heat to the air, windspeed and direct inn. 

-- - - - - - --.- - 

Annual Report of the U.S. Water Conservation Laboratory



Figure 2,--Hourly values of solar and met. radiatisn, 
soil heat flow, evaporative f 
heat to the air, windspeed am 
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Figure 3.--Hourly values of solar an 
soil heat flow, evaporative 
heat to the air, windspee 
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i 

--Hourly values of solar and net radiation, 
soil heat flow, evaporative flux, 
heat to t h ~  a i r ,  windspeed  and direction. 
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heat to the a i r ,  windspeed and direction.  
- --- 
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Figure 6.--Hourly values of solar 
soil heat flow, evaporati 
heat to the airg windspee 

-- 
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Xgure 7.--Hourly values of solar a d  net radiatfon, 
flow, evaporative flux, sensible 
e air, windspeed and dire@ 

-- 
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0 2 
~ i ~ u r e  

s o f  I I I P R ~  f lnw, evaporative f l u x ,  sensible 
t i r ~ n r  t o  t h e  a i r ,  windspeed and direction. 
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s of solar an 

-- 
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use 12.--Hourly values of solar and net radiakionp 
o i l  heat flow, evaporative flux, sensible 

ndsgeed and d 
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Figure 16.--Hourly values, d i f ferences  i n  evaporat ive f l u x  versus 
d i f ferences  i n  windspeed. 

- 
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TITLE: CALIB EVALUATION OF NET RADIOMETERS 

LZN& PROJECT: GORE: Ariz,-WCL-6 

eearch on net radiation has been reported in 

alance in Arid L 

to the Meteor01 a1 Department, USAEPG, Fort 

No, 3A99-27-005-08, pagee 48 to 71. 

. Frirschen 
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TITLE: APPLICATION OF HEXADECANOL - OCTADECANOL MONOFILMS TO 

SMALL PONDS 

LINE PROJECT: SWC 4-gG 2 CODE NO. : Ariz .  - WCL-9 

INTRODUCTION: 

See Annual Report - 1960. 

PROCEDURE: 

See Annual Report - 1960. 

Personnel of t h e  S o i l  and Water Conservation Research 

Divis ion,  Tucson, Arizona, agreed t o  ob ta in  d a t a  from th ree  

ponds near  Tombstone, Arizona. Laboratory personnel  obtained 

d a t a  from two ponds near  Pine, Arizona. Personnel of the  

Kern County Land and C a t t l e  Company, Bakers f ie ld ,  C a l i f o r n i a ,  

agreed t o  o b t a i n  d a t a  from f o u r  ponds nea r  Seligman, Arizona, 

and t h r e e  ponds i n  New Mexico. Personnel of t he  Bureau of 

Land Management, Reno, Nevada, agreed t o  ob ta in  d a t a  from a 

pond near  Ca l i en t e ,  Nevada. Procedures were t o  be t h e  same a s  

those  used i n  1960. 

RESULTS AND DISCUSSION: 

Consifiprable d i f f i c u l t y  was encountered i n  obta in ing  d a t a  

from the  f i e l d  because of drought,  changes i n  coopera tor  per-  

sonnel ,  and program changes by the  coopera tors .  Film pressure  

measurements were made immediately p r i o r  t o  r e f i l l i n g  the  r a f t s .  

The lowest and h ighes t  readings a r e  repor ted .  

Tombstone Ponds: Stockponds i n  t he  Tombstone a r e a  remained 

dry  f o r  t he  second w n s e c u t i v e  year  and no da t a  were obtained.  

Annual Report of the U.S. Water Conservation Laboratory



Selipman Ponds: These ponds remained d r y  and no d a t a  were 

o b t a i n e d .  

P ine  Ponds: R a f t s  were p laced  on t h e s e  ponds on 4-29-61, and 

t h e  f i r s t  r e a d i n g s  were t aken  20 minutes  a f t e r  t h e y  were i n s t a l l e d .  

The ponds were n e a r l y  d r y  a f t e r  5-12-61 and o b s e r v a t i o n s  ceased .  

C a l i e n t e  Pond: The r a f t  was i n s t a l l e d  on 5-17-61. 

e s s u r e  
Lower Pond 

dynes /cm 

Date  I Wind Speed I ~ a t e r  Temp. I A i r  Temp.l Fi lm P r e s s u r e  

The 7-25-61 r e p o r t  s t a t e d  t h a t  t h e r e  was "animal l i f e "  i n  t h e  

r a f t .  No subsequen t  r e p o r t s  were r e c e i v e d ,  

New Mexico Ponds: The r a f t s  were i n s t a l l e d  on 4-17-61, Data 

r e c e i v e d  were a s  f o l l o w s :  

!4cKinne y Pond 
dynes / cm 

' i l m  P r e s s u r e  
Been Pond I San L u i s  Pass  Pond 

dynes/cm I dynes /cm 
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Many more r e a d i n g s  and o b s e r v a k i o ~ s  were made on these ponds 

than a r e  shown, b u t  t h e y  had not h e n  t ransc rLbe4  from f i e l d  

books and s e n t  t o  us  a s  of 2-15-62,  We were v e r b e l l y  adv i sed  

t h a t  two major problems were encauntsrad.  Durirg warmer wedther  

t h e  r a f t  s c r e e n s  became c l ~ g g e d  by b a c t e r i a l  growth s o  t h a t  

d i s t r i b u t i o n  of t h e  monof i l ~  was c e r  iolssly reducsd ,  S t r a n d i n g  of 

t h e  r a f t s  was a  problem on some pondz where t h e  vLnd blew from 

t h e  sha l low end toward t h e  deep w a t e r ,  Ihc  r a f t s  had t o  be 

anchored i n  t h e  s h a l l o w  w s t e r  and b c c a ~ a  ~ t r a n d e d  ~s t h e  w a t e r  

l e v e l  f e l l .  

CONCLUSIONS: 

Limited d a t a  r e c e i v e d  from c o o p e r a t o r s  ~ h o w e d  t h ~ t  

b a c t e r i a l  a c t i o n  s e r i o u s l y  i n t e r f e r r d  w l t k  &hz o g e r a t i a ~  

of t h e  r a f t s  and t h a t  c o r r e c t i v e  wdsmxx musk be devnloped,  

S t r a n d i n g  of t h e  r a f t s  as w a t e r  l e v e l s  d e c l i n e d  was a problem 

on some ponds, A l t e r a a t e  methods of a a t e r ~ a l  a p p l ~ c a t i o n ,  

p o s s i b l y  i n  l i q u i d  form, w i l l  be i n v e s t i g a t e d ,  

PERSONMEL: L.  E .  Myers, G .  W ,  P r a ~ i e r ,  C .  L, Jemon, 
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the elements requirfag 8ceuwaL.e ne&$bkeicaan j.6 t k - ~  %of t u r e  c~a t t en t  j 

and infrared a%sarpt3oa, 

time-average. 

Annual Report of the U.S. Water Conservation Laboratory



PROCEDURE : 

P r i n c L p k .  By means s f  a n  alr  pump and % vaemm rtreguiarmg - 
device  a  eons tan t  nega t ive  p re s su re  i s  maincafaed at one. end of  a 

f i n e  c a p i l l a r y ,  This  p re s su re  is aeeuraee ly  measured. A t  tw  o t h e r  

end of: t h e  capi"L.ary t h e  presswee 4s allso determined and by measwrfng 

t h e  p re s su re  d i . f f e r e n t i a l ,  tlme elapsed,  and the f l o w  c h a r a e t e r i s t f c s  

of t he  cap i l l a ry :  t h e  mass of a i r  passed throw& S t  i s  t akcu la t ed .  

The e a p i l  l a r y  i s  connt.cted rrs a d ry ing  3 u ~ b  2iY Led with  "Dr i e r i t@"  

(anhydrous caKcfum. s u l f a r e ]  and,  h,d %ems of a u l  & a b ? e  tulrsfng, ro  rhe 

po ln t  where a i r  sampling i s  desfra3,  %"he f 10% r e s f  s t ance  of bulb and 

tubing  being r e l a t i v e l y  l ow ,  r"?l pressure ao rhe incake end o f  t he  

capil%a.cy i s  c lose t o  atmospher3.c, 

The f low c h a r a c t e r i s t i c s  of the caplo fLak-y- a r e  determfned a ~ i n g  

water  a s  t h e  f l u i d ,  Water is  allowed t o  kiow ar a precfseYy measured 

head d i f f e r e n c e  and sbe Elow r a t e  i s  detennzned by uzZghing wares and 

measuring e lapsed  time. 

The wefght i nc rease  of the  abso rp t i on  b u l b  1 s  div ided  by t h e  mass 

of a i r  t ha t  went through t h e  c a  i l l a r y ,  shus y k a d f n g  d i r e c t l y  the 

"mixing r a t i o , "  r e  Xf the temperature of the 2L-r sampled i s  kaowng 

i t s  r e l a t i v e  humidity may be  found by ditrid-ing r by r the  mixing s 9  

r a t i o  a t  s a t u r a t i o n  a t  t h e  p r e v a i l i n g  a r r  re rperazure .  

It i s ,  oE course,  necessary to know the seage ra tu re  O F  rhe a i r  

f lowing through the  c a p i l l a r y ,  i n  v i e w  of: &he e f f e c t  of t m p e r a t u r e  

on v i s c o s i  ty . Since only  d ry  a r r  is f l o w h g  through the c a p i l  kary 

no o t h e r  co r r ec t fons  a r e  necessary,  
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NOMENCLATURE AND THEORY : 

For convenience, not all units are in the CGS system, exceptions 

being flow rate (g min-l) and pressure (mb) . The following quantities 
are used: 

- 1 Q = flow rate (g min ) pa = ambient pressure 

r = radius (em) H = dynamic viscosity (poise) 

-3  
y = density (g em ) L I= length (em) 

p = pressure (mb) T= transmissivity (g minml mbml) 

p1 = pressure at entry r =: mixing ratio (nondimensional) 

p2 = pressure at exit 

For the flow of water through the capillary we have, with laminar 

flow (Reynolds number below 2000) 

This fonnula is useful in determining the approximate length and bore 

of the capillary desired, but once the capillary is selected, the 

formula may be simplified to 

in which the subscript w refers to water and 

If the same capillary is used for metering air we have 

in which y refers to the density at pressure p or the entry pressure, I 1 
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Equsatlon 12 1 may be wrf.rten as 

i n  which.  

across t h e  eapillapy. 
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Since I i s  determined exge:rimenc.aI.ig w s h g  equatfoa. ! . 1 . 3 ,  'values f o r  
W 

yay yw, pw, and p may be  looked u p  in s tandard  c a b l e s  a t  rhr 
a 

appropr i a t e  tempemture  and at s tandard  p re s su re ,  Thus can be  
a 

c a l c u l a t e d .  

The c a p i l l a r i e s  used i n  t h e  f i n d  procedure had a bore of 

6.2 x an (nominal 0.5 m) and a length  of about  30 cm. I n  ca1.i- 

<= 1 
b r a t i n g  t h e s e  w i t h  wa.ter, a. f low r a t e  of 6 g mi.n obtained g iv ing  a 

Reynolds number of about 250, m e n  used f o r  a i r  flow t h e  f low r a t e  

- L 
was about O,2 g min , coreespondfng zs a Rey.apoEds number of 408, 

From t h i s  in fo :mat ion  it is  eoneluded thac the fl,ow regime was 1am.i.nar 

and aerodynamically s i m i l a r  s o  t h a t  the u s e  of e q u a ~ f o o  [6] was 

j u s t i f i e d .  

EXPERIMENTAL PRNED1JR.E : 

C a l i b r a t i o n ,  The appa ra tus  fo r  dete.mln'i..reg 

F igure  1. A cons t an t  head of about  108 nib f a  m i n t a i n e d  a t  t h e  l e f t -  

hand s i d e  of t h e  c a p i l l a r y  as measured I n  t he  s tandpipe  by mems of a 

eathetometer .  The c a p i l l a r y  i s  mounted Ro~ izon ta%Py  and the ePewat im 

of i t s  c e n t e r  a l s o  measured wi th  t h e  cathetameter .  The head i s  

measured i n  cm t o  t h e  n e a r e s t  cm, co r r ec t ed  f o r  c a p i l l a r y  r i s e  

i n  t h e  g l a s s  s tandpipe  and converted t o  mb from. t h e  d e n s i t y  of water  

a t  t h e  p r e v a i l i n g  temperature,  

Water is allowed t o  f low through t h e  eapil%a:ry f o r  50 minutes,  

- 2  
a c c u r a t e l y  measured wi th  a t imer  t o  t h e  n e a r e s t  PO min and the 

- 2 
water  i s  weighed t o  t h e  n e a r e s t  10 g, the avera.ge amount be ing  

around 320 g .  The capi1larfe .s  a r e  about 30 cm Long and they  are  

ad jus t ed  u n t i l  they y i e l d  approxfmi.tely equal  va lues  of -fw. 
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A l l  measurements a r e  made repeatedly i n  a cons tant  temperature 

room maintained a t  25,O + rn 0.3 C, 

A s e t  of c a p i l l a r i e s  was thus ea f ib ra ted  on September 8, 1961 

giving the  following values:  

- 1 Number i n  g min mbml x l om2 - 

HYGROMETER CONSTRUCTION: 

The p r inc ipa l  app l i ca t ion  of the  hygrmete r  i s  expected t o  be 

the  measurement of the  mixing r a t i o  of the  a i r  a t  two l e v e l s  above 

the  surface  over successive periods of time on t h e  order  of one hour. 

After  extensive prel iminary work the  following general  c h a r a c t e r i s t i c s  

were adopted. 

Transmissivtity f o r  a i r  i s  determined by length and bore and i s  

-1 -1 
about 4.0 x g min mb . The typ ica l  opera t ing  pressure  

d i f f e r e n t i a l  i s  about 100 mb r e s u l t i n g  i n  an a i r  flow per  hour of 

about 20 g. The amount of moisture i n  t h i s  mount  of a i r  would, oE 

course, depend upon i t s  mixing r a t i o ,  Typical values f o r  Arizona a r e  

found from cl imatologiea l  da ta  a s  follows: 
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Month Dewpoint Mixing R a t k  Moisture i n  20 g air 

January 0 C 3.8 x lom3 76 mg 

Apr i l  2 C 4.4 88 mg 

J u l y  16 C 11.6 x .i0'-' 232 mg 

September 15  C 10,8 x 216 mg 

It i s  l i k e l y  t h a t  va lues  cons iderably  h ighe r  than ind ica t ed  may 

be found c l o s e  t o  t h e  su r f ace .  To measure a quan t i t y  of water  of t h e  

o rde r  of LOO mg adequately a weighing technique must be  employed wi th  

an accuracy cons iderably  b e t t e r  than  1.0 mg. 

P r i n c i p a l  components of t h e  ins t rumenta t ion  a r e :  

1. Vacuum-Pressure Pump (Gast Manufacturing Corporation, Model. 0211), 

2. Vacuum Regulator  (Moore Products  Company, Nullma.tic. 44-20). 

3 .  P rec i s ion  Manometer (Wallace & Tiernan, FA 7.451, 

4 .  Ana ly t i ca l  Balance (Met t le r  B5). 

5. Adsorption Bulbs (Corning #AS 26). 

A schematic o u t l i n e  of t h e  equipment i s  given i n  F igure  2. The p r e c i -  
"7 

s i o n  manometer can be  connected t o  t he  i n l e t  of e i t h e r  cap iP la ry ,  I n  

p r i n c i p l e  t h e  p re s su re  d i f f e r e n t i a l  should be i d e n t i c a l  b u t  minor 

d i f f e r ences  i n  upstream f low r e s i s t a n c e  may cause d i f f e r e n c e s  i n  p re s su re  

d i f f e r e n t i a l  between t h e  two c a p i l l a r i e s ,  The accuracy of t h e  mano- 

meter i s  0.3 mb and i t s  s e n s i t ~ v i t y  is 0 -03 nib. The accuracy of t h e  

ba lance  i s  0.05 mg. 

With a s e tup  a s  por t rayed  i n  F igure  2 a s e r i e s  of b lank  measure- 

ments was made i n  t h e  l abo ra to ry  i n  which t h e  two i n l e t s  were joined 

t o  a s s u r e  t h a t  t he  same a i r  would e n t e r  i n t o  each h a l f  of t h e  

- 123 - 
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apparatus. In the  example shown, two adsorption b b b s  were c a r r i e d  f o r  

each c a p i l l a r y  t o  v e r i f y  the  completeness sf adsorpr isa ,  

Time of run: 30,08 m i a  

Average pressure d i f f e r e n t i z f :  U02,1 en$ 

Average temperature : 31,3 C 

Capil lary #7 

F i r s t  bulb increase  121.8 mg  

Second bulb, increase  0.2 mg 
P 

Total  increase  l22,0 mg 

-1 -1 Transmissivity f o r  water a t  25.0 C: 7.235 X 10'~ g min mb 

Transmissivity f o r  a.ir a t  31,3 C: 

Mass of a i r  flow: 

Mixing r a t i o  : 

Capi l lary  #8 

F i r s t  bulb increase  

Second bulb increase  

Total  increase  

-1, -1 3.799 x lorn3 g min mb 

11,705 g 

-3 

-I -1 Transmissivity f o r  water a t  25.0 C: 7.  I80 X g min mb 

Transmissivity f o r  a i r  a t  31.3 (2 -1 -1 3.820 x low3 g min mb 

Mass of a i r  flow: PP.778 g 

Mixing r a t i o :  10 .434 lom3 

The two mixing r a t i o s  agree within about 1 p a r t  per  thbusand, 

This favorable r e s u l t  was not always obtained. t proved e s s e n t i a l  

t o  weigh very ca re fu l ly ,  avoid c o n t m f a a t i s n  of the  bulbs, have t i g h t  

connections, use a f r e s h  desi.ccant, ca r ry  a '%lank" bulb and a standard 

weight f o r  weighing. It i s  mwe. r e a l i s t f c  t o  expect e r r o r s  up t o  0,5 

percent. 
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Subsequently, a mul t ip le  double h ~ g ~ ~ m ? t e ~  was ecms Lrucced i n  

which the  flow a t  s e t  i n t e r v a l s  eouPd be sal.tehetl aufomt.ieaBXy 

th rmgh  a d i f f e r e n t  p a i r  of adsorption bulbs,  The arrangement pro- 

v ides  f o r  s i x  p a i r s  of bulbs and solenoids t h a t  axe aekivated by a 

timer. By s e l e c t i n g  the  appropriate cmbfnat ion of motor and gear 

t r a i n ,  d i f f e r e n t  f n t e w a l s  may be obtained, A general  sketch i s  

provided by Figure 3 ,  

This apparatus was given laboratory and f i e l d  t e s t s  and dinumber 

of shortcomings were correc ted  t o  r e s u l t  f n  8 f l .nal  design by 

January 1962. Results  of a t e s t  i n  a constant  temperature room a r e  

given i n  Table 1, The point  of i n t e r e s t  is  the  agreement between A 

and B, though t h e  mixing r a t i o  can a l s o  be expected t o  be near ly  

constant  with time i n  t h e  room, 

SUMMARY AND CONCLUSIONS :: 

The absolute  hygrometer design a s  described appears t o  work 

r e l i a b l y  and t o  r e s u l t  i n  acceptable accuracy, terns of vapw 

pressure the  accuracy tu rns  out t o  be about 0&3 mb. Relat ive 

accuracy is between 1 and 0.5 percent,  This is  not  a s  good a s  a n t i c i -  

pated, Addit ional  work w i l l  be  done t o  improve the  accuracy under 

simulated f i e l d  condit ions,  

However, f i e l d  tests and a c t u a l  measurements 3tn conjunction wLth 

t h e  lysimeter  system are f e a s i b l e  and w i l l  be c a r r i e d  out ,  Tests 

m d e  s o  f a r  ind ica te  t h a t  the  mixing r a t i o  d i f f e r e n t i a l  c lose  t o  t h e  

surface  i s  l a rge  enough t o  permit f t s  c lose  evaluation with the  

technique a s  advanced s o  f a r .  

PERSONNEL; @ a  H, M, van Bavel, J, lo NacXntyre, 
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Table 1, T e s t  of: ~ k t f p l e  absolute hygrometer, 

Weight Opesa~i  ve hi c Mixing 
Hour Level Increase  pressure^/ Plow Rat io  

v - - 

2 I./ Defined as: pa - (pa - - 
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Figure 2.  Sehematdc showing basic arrangement of dual  chemical hygrometer, 
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"4, 

TITLE: EVAPOUTION FROM 'THE' SOIL SUWACEC$]?TD"LISOTZ, MOXSZURE M0VEME;N-S 

LINE PROJECT: SWC 4-gG2 CODE NO,: Ariz,-WCL-19 

PART 1, MANAGEMENT AND PERFORMANCE OF THE TEMPE LYSIMETER SYSTEM 

1, General 

Details of the weighing mechanism and recording part of the system 

have been described in the 1960 Annual Reporte The following is a 

chronological report of various operations performed on the lysimeters 

and field during 1961, 

Date Time Remarks 

09 Jan 61 1500 All pits completely backfilled, 

10 Jan 61 Calibrate lysimeters and add new permanent counter- 

weights, Study on the effect of windspeed on lysfmeter 

weight record. 

13 Jan 61 Install four access tubes for neutron moisture measrsre- 

ments at four sites in the field, 

24 Jan 61 Rainfall 0.41 mm. 

26 Jan 61 Rainfall 3*35 ran. 

21 Feb 61 1530 Start Uttle Splash #I experiment. 

27 Feb 61 1200 End Little Splash #1. 

28 Feb 61 Add approximately 29 kg of tapwater to each Zysfmeter, 

01 Mar 61 0710 Irrigate field with pump. Area of field 1,65 acres. 

icy of pump approximately 500 gal per minute, 

Water on field for eight hours, 

Q2 Mar 61 0810 Irrigate field with pump and project water* Length 

of water application not known. 
< 
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Date Time Remarks 

28 Mar 6 l  1800 R a i n f a l l  4,&% m. 

30 Mar 6 1  0200 R a i n f a l l  l , 7 1  m. 

04 Apr 61  1100 Cult iva, te  lys imeters  4 t o  6 inches deep, 

05 Apr 61  0900 S t a r t  d ra inage  of l y s ime te r s ,  Apply vacuum equiva- 

l e n t  t o  -100 m i l l i b a r s  pressure  p o t e n t i a l  a t  s o i l -  

07 Apr 61 

07 Apr 61 

13 Apr 61 

13  Apr 61 

13 Apr 61 

17 Apr 61  

17 Apr 61 

17 Apr 61  

24 Apr 61 

24 Apr 61 

27 Apr 61 

bead i n t e r f a c e .  

Stop dralnage of lys imeter%.  

l a s t a l l  heat-f low plates and o%emocsup%es I n  the  

ly s ime te r s  . 
Drag lys imeter  f i e l d  t o  break efods and t o  level 

ground. 

Add approximately 29 kg waeer t o  t h e  %ysfme~ers ,  

S t a r t  L i t t l e  Mud BE. 

End L i r t l e  Mud $1. 

C u l t i v a t e  lys imeters  3 t o  6 inches deep, 

S t a r t  L i t t l e  Splash  #2. 

End L i t t l e  Splash #2.  

S t a r t  Big Splash. #I. 

End Big Splash #I, 

27 Apr 61 1500 Add approximately 66 kg saaeer to lysizneters,  

27 Apr 61  1630 S t a r t  Big Mud #I, 

95 May 61  0800 End Big Mud #l, 

05 May 61 0900 C u l t i v a t e  l y s ime te r s  3 t o  6 inches deep and surround- 

i n g  a r e a  by band, S t a r t  drainage o f  a fP  lysimecers, 

1 2  May 61 A.M. Stop dra inage  of a l l  l y skne te r s ,  
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29 May 6% 

29 May 61. 

02 Sun 62 

05 Jun 6% 

06 Sun 61 

09 Sun 62 

09 Sun 6% 

13 Jua  61 

20 5un 62 

23 Sun 6% 

30 Jun 61 

f u l l  range, A new resistor was put i n  the servo-  

digE~1,x;er ehasef s and t h e  P-jrsfmesers were reca%.Lbeaced, 

O E  JuZ 62 A,M. The three Hysfmeters were again checked and recalf -  
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17 J u 1  61  1480 S t c p  drainage, 
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Date Time Remarks 

24 Jul 61 0900 Start drainage, 

28 Jul 61 2000 Rainfall, 7.69 mm. 

30 Jul 61 1200 Rainfall, 5-45 mm, 

04 Aug 61 1007 Stop drainage. 

08 Aug 61 2000 Rainfall, 3-13 mm. 

10 Aug 61 Install gated pipe irrigation system on north side 

of field, Pipe placed on 2- by 4-inch redwood stakes, 

Stakes are 1.22 feet below bench mark and 2 inches 

above soil surface, 

11 Aug 61 0000 Rainfall, 1.37 mm. 

15 Aug 61 0000 to 0900 Rainfall, 11.75 mm, 

17-18 Aug 61 Field sprayed with Fenac to control puncture vine, 

18 Aug 61 1900 Rainfall, 1.86 mm, 

19 Aug 61 2100 Rainfall, 2.12 mm. 

21 Aug 61 0100 Rainfall, 0.64 m. 

23 Aug $1 0500 RainfalI, 5.92 mm. 

23 Aug 61 A.M. New design tensiometers installed, one in each 

lysimeter and two in the field. 

29 Aug 61 0000 to 0700 Raiafall, 16'*b5 5 mm, 

11 Sep 61 0830 Start Seller's Sweep experiment, 

12 Sep 61 -0840 Water added to all lysimeters, approximately 30 mm. 

13 Sep 61 1200 RainfalI, 10.10 mm. 

15 Sep 61 0800 Stop Seller's Sweep experiment, 
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19 Sep 61 1300 

*21 Sep 61 0810 

22 Sep 61 1400 

27 Sep 61 1011 

25-26 Sep 61 

06 Oct 61 P.M. 

S t a r t  drainage, vacuum pump s e t  so pressure  p o t e n t i a l  

a t  g l a s s  bead s o i l  i n t e r f a c e  is  equal t o  -150 mb 

pressure  p o t e n t i a l ,  

Decreased pressure  p o t e n t i a l  t o  -175 mb, 

Remove hea t  f l u x  p l a t e s  and tensiometers  from a l l  

lys imeters .  Cu l t iva te  a11 lysimeters  3 t o  4 inches 

deep. 

Stop drainage,  

I n s t a l l  new Butyl  gaskets  on a l l  t h r e e  lysimeters ,  

OriginaI  neoprene gasket f a u l t y ,  

I n s t a l l  thermocouples and heat  f l u x  p l a t e s  i n  f i e l d  

and lys imeters .  

Date Time Remarks 

09 Oct 61 0000 t o  0400 Ra in fa l l ,  0.66 mm. 

12 Oct 61 0800 

13 Oct 61 0836 

13 Oct 61 0900 

24 Oct 61 0900 

25 Oct 61 0900 

26 Oct 61 1200 

26 Oct 61 1200 

Recal ibra te  a l l  lysimeters;  #2 appears no t  t o  be 

l i n e a r .  This i s  discussed l a t e r  i n  t h e  t e x t ,  

Tap water added t o  lysimeters ,  approximately 43 mrn. 

I r r i g a t e  f i e l d  with pump, approximately 40 mm water 

added. 

Apply 600 pounds per  a c r e  s i n g l e  super  phosphate t o  

f i e l d  and lys imeters  with hand spreader.  

Plow f i e l d  t o  6-inch depth. 

Disc f i e l d  and drag with spike-toothed harrow. 

Cu l t iva te  lys imeters  2 inches deep. 

Throw up 40-foot wide borders  in  no-rth-south d i r ee -  

t i o n  and f l o a t  t h e  checks with, a 15-foot f l o a t  on 

t h e  hydraul ic  l i f t  of the  t r a c t o r .  
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Date T $.me Remarks 

30 Oet  61 1200 P lan t  Moa.pa, v a r i e t y  a l f a l f a  a t  a r a t e  of 25 Lb/A 

wi th  hand sower. 

30 Oct 61 

31  Oct 61 

31  Oct 61 

15 Nuv 61  

15 Nov 61 

16 Nov 62 

16 Nov 61 

21 Nov 61 

25 Nov 61 

A,M, & P,M, Ra in fa l l ,  2,63 m, 

A,M, & P,MI Apply water  t o  f i e l d ,  approximately 85 mm 

wi th  pump. 

1200 Tap water  added t o  lysilnreters, approxima.te1y 30 m. 

0900 C u l t i v a t e  l y s ime te r s  and around Xysimeters t o  2-inch 

depth by hand. 

0900 t o  1600 Spray f i e l d  wi th  BHC (benzene hexachloride)  

a t  a r a t e  of 1 / 2  gal/A to c o n t r o l  spo t t ed  a l f a l f a  

aphid. 

0900 I r r i g a t e  Pysimeters with t a p  water, approximately 

30 m. 

0900 I r r i g a t e  f i e l d  by borders .  f i t  approximately 80 m 

wa-ter i n  each border ,  

0100 t o  0800 Rainfa11, 1 ,51 m. 

1600 t o  2100 Ra in fa l l ,  1.12 m, 

10 Dec 61 0000 Ra in fa l l ,  0.72 m, 

10 Dee 61 0400 t o  0900 Ra in fa l l ,  0,57 m. 

10-11 Dec 61 1500 t o  0100 RaAnfalZ, 2,57 mm, 

11 Dec 61 0500 t o  07'00 Ra.i.nfa11, 1.61 m, 

13 Dec 61  6600 Ra in fa l l ,  0,20 mm, 

14  Dec 61  0900 Ra in fa l l ,  0,PO m, 

14-15 Dee 6 1  1600 t o  0800 Ral.nfaYL, 13.53 mm, 

15-16 Dee 61 0900 t o  0100 Ra in fa l l ,  5,66 me 
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Date Time - Rerma.1-ks ----- 
14  Dee 61  1,300 Blow a f  r f rm vacuum c l eane r  ink0 counterwefgbc s h a f r  

through the  c o f f i n  and out  t h e  gasket  on # 2  "LysLmeter 

t o  h e l p  remove any noi  s r u r e  i n  che c o f f i n  of: #2, 

1 4  Dee 61 1600 Stop vacuum c l eane r ,  

19 Dee 61 0740 S t a r &  vacuum c l eane r ,  

22 Dec 61 1000 Stop vacuum c l eane r .  

2, Lysimeter 1:nsta.Pl.atfon 

In  1960 when t h e  p i t s  f o r  t h e  foo t ings  were dug t h e  s o i l  was removed 

i n  30 em l a y e r s  and placed i n  i nd iv idua l  p i l e s ,  Each p i l e  of s o i l  was 

then  passed through a I r S  cm. screen,  t h e  r e s u l t  be ing  fi .ve pi1.e.s of 

screened s o i l  f o r  t h e  f irst  f i v e  S.ayer's and one w.se:ceened p i l e  f o r  

t h e  5- t o  ?'-foot depth ,  The i nne r  bins of t h e  lys fmeters  were then 

f i l l e d  wi th  s o i l  from %he f i v e  screened p i l e s .  

The drafnage system, descr ibed  i n  t h e  1960 PIs'cbua% Report, was 

placed on t h e  bottom of zhe inne r  b in ,  covered wi th  sand and g l a s s  

beads, and f i l l e d  w i t h  s o i l ,  Layers of: a i r  dry s o i l ,  approximately 

64 kg per  l aye r ,  from t h e  120- t o  1.56-cm depth were pEa.ced on the  

- 3 
g l a s s  beads and compacted t o  a bu lk  d e n s i t y  of l , 4  g em , The 

compaction was accomplished by walkfng on the s o i l  u n t i l  it reached 

t h e  c o r r e c t  t h i ckness ,  Thus about 5-sm Pagers of s o i l  were compacted, 

one on top  of aaother ,  f o r  each 30-em depzh increment,  

men, t h e  b i n s  were f i l l e d  to wi th in  5 eQ of t h e  tog, water  was 

added and t h e  s o i l  was allowed to become s a ~ u r a t e d .  Warer w a s  zhen 
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removed through the drainage system until the pressure potential at the 

bottom was maintained at -LOO mb. No set~ling of  he soil was notfeed, 

The lysimeters were then placed on the footings in late December 1960 

and soil backfilled. The backfilfing procedure was similar to the 

filling of the inner bins, i,e., placing 5-em layers sf soil around 

the lysimeters and compacting it by foot, However, after eaeh 30-em 

layer had been put back, 7 to 10 em of water was~applied to the soil 

and by the next day another 30 em layer could be empaeted, The back- 

filling took approximately 2 weeks. 

After the area around the lysimeters was smoothed over and leveled, 

a series of calibration tests were conducted, as reported in the 1960 

Annual Report. 

3. Lysimeter Moisture-Regime 

In order for a lysimeter installation to be a truly representative 

sample of field conditions one criterion that must be met is that the 

water regime inside the lysimeter i,s compatible with the moisture 

regime outside the lysimeter. That is, the moisture content dfstri- 

bution inside and outside and the pressure potential relationship in- 

side and outside should be the same, 

First, consider the moisture content distribution, Neutron aceess 

tubes were installed outside of the 1ysimeLers at a distanee midway 

between the lysimeters and also one in the center of # 2  Iysimeter. 

;?eekly measurements of moisture. cakt-tent insf3.de and outs i de of the 

lysimeters are made and compared. During the various periods of 

wetting and drying of the lysimeters moisture content measurements 

were made and, as of the 21st of September, the average moisture 
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content  d i s t r i b u t i o n  i n  #2 lys imeter  r an  from 5 t o  7 percenr  h igher  

than  t h e  mois ture  content. d i s t r i b u t i o n  a t  compaxab1.e depths o u t s i d e  

t h e  ly s ime te r  f i e l d .  Since t h a t  time however, repea ted  dra inage  

cyc le s  have been c a r r i e d  on and t a t  the  end of Movenber l96"L.o mois ture  

content  p r o f i l e  d i f f e r e n c e s  cou b e  de t ec t ed  between #2 lys imeter  and 

t h e  o u t s i d e  f i e l d ,  Therefore,  we can s a f e l y  assume t h a t  t he  mois ture  

content  d i s t r i b u t i o n .  w i t h i n  and without  t h e  Igs imeter  a r e  s i m i l a r .  

Next, we cons ider  t h e  p re s su re  p o t e n t i a l  d i s t r i b u t i o n  wi th in  and 

without  t he  lysim.eter,  Pressure  p o t e n t i a l  measurements a r e  made with 

tensiometers  a t  a depth of 150 em i n s i d e  and o u t s i d e  t h e  lys imeferse  

The average p re s su re  p o t e n t i a l  o u t s i d e  of t h e  Lysimeter runs sEfght ly  

h igher  than  the  i n s i d e  of t he  lys imeter  a t  t he  150-em depth ,  The 

p re s su re  p o t e n t i a l  o u t s i d e  may run -205 t o  -110 mb whi le  t h e  preBsure 

p o t e n t i a l  i n s i d e  t h e  ly s ime te r  may run  -95 t o  -100 mb; a small  

d i f f e r ence .  

Therefore,  we conclude t h a t  t h e  mois ture  regime i n s i d e  and ou t s ide  

of t he  lys imeters  i s  v e r y  s i m i l a r .  Addi t iona l  t ime w i l l  s e rve  t o  

enhance these  condi t ions .  

4. Drainage System Performance 

The dra inage  system which has been descr ibed  i n  t h e  1960 Annual 

Report has  performed s a t l . s f a e t o r i l y  f o r  u s  t h i s  e n t i r e  yea r ,  The 

ob jec t  of t h i s  dra inage  system i s  t o  maintain t h e  p re s su re  p o t e n t i a l  

a t  the  bottom of t h e  lys imeter  comparable t o  what i.t i s  at an equal  

depth ou t s ide  of t h e  ly s ime te r .  This i s  accomplished by nocing t h e  

va lues  of p re s su re  p o t e n t i a l  on a tensiometer  f a  t h e  f i e l d  and i n  
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t h e  lys imeter .  When t h e  d i f f e r e n c e  between t h e  two tens iameters  i s  

approximately 20 mb, t h a t  is; t h e  p re s su re  p o t e n t i a l  out. o f  t he  

lysimeter ,  a vacuum pump and f l a s k  i s  connected t o  rhe  lys imeter  and 

a p re s su re  p o t e n t i a l  equal  t o  t h a t  of ou t s ide  cond i t i ons  i s  maintained 

a t  t h e  bottom of t h e  lys imeter  through t h e  dra inage  system, The time 

f o r  dra inage  v a r i e s  wi th  t h e  amount of water  t h a t  must be removed but  

an average of 3 t o  5 days i s  r equ i r ed  i n  t h e  dra inage  c y c l e ,  

The r a t e  of dra inage  has n o t  decreased s i n c e  t h e  dra inage  system 

was f i r s t  i n s t a l l e d  i n  December of 1960, This  i n d i c a t e s  t h a t  the  

porous s t a i n l e s s  s t e e l  p l a t e s  have n o t  clogged up and t h e  g l a s s  bead 

f i l t e r  i s  s t i l l  i n  good shape. 

5. 5 

The lys imeter  f i e l d  has been d iv ided  i n  approximately 7 equal- 

width borders ,  t h e  borders  runbing no r th  and south.  There a r e  two 

b u f f e r  borders  on t h e  e a s t  s i d e  and two on t h e  west s i d e  and one 

lys imeter  i n  each of t h e  t h r e e  c e n t e r  borders ,  In  o rde r  t o  i r r i g a t e  

each border  s epa ra t e ly ,  300 f e e t  of gated p ipe  was i n s t a l l e d  a t  t he  

n o r t h  end of t h e  f i e l d .  This ga ted  p ipe  was then  connected t o  a low- 

l i f t  pump which pumped water  d i r e c t l y  from a d i t c h .  The capac i ty  of 

t h e  pump i s  approxima.tely 500 t o  550 ga l lons  per  minute,  The ga t e s  

a r e  s e t  on 40-inch cen te r s ,  

a r e  u s u a l l y  open, The a r e a  

the  pump and t h e  gated p ipe  

has  been c a l i b r a t e d  a g a i n s t  

c a l i b r a t i o n  curve obta ined ,  

so, when i r r i g a t i n g  one check, 12 ga t e s  

of each g a t e  i s  2 square inches.  Between 

i s  an 8-inch Spa r l ing  meter.  This  meter 

a s tandard  3-inch elbow and t h e  app ropr i a t e  

The accuracy of t h i s  c a l i b r a t i o n  curve 

i s  w i t h i n  1 percent  of t h e  va lue  obtained wi th  a. s tandard  V-notch weir .  
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The meter reads  d i r e c t l y  i n  ga l lons  and wit% app:rop:cia.te dfmen.sl.onaY 

a n a l y s i  s t h e  gaf f  o m  can. Be e~n.1~er te .d  df :ceet%y Co m5,:11l.m.e.e&e:r.s s f  water  

f o r  eaeh border .  We t h e r e f o r e  have an aecu.rate'xneaxure of the amount 

of water  t h a t  i s  pu t  on eaeh border  du:r:ireg e m $  f : c r i . g @ i ~ ~ ? e y e . ~ e ~  It 

t akes  approximately 4.5 m i n u t e s  t o  apply 7 -80 m water  depth on one 

bordex, 

6. Recal ibrat i .on of L;ysfm,eter Sysbem 

The fol.lowing procedure was u,sed $0 reeaili.brate t h e  Xysi.m,eters a t  

va r ious  per iods  0% t ime,  F i r s t  t h e  end p o i n t s  o:r t h e  span was f i x e d  

by adding 50 kg t o  t h e  LysPmeter and proper ly  eountesbal.ancing t h e  

counterweight s h a f t  u n t i l  we had a readout  o f  8000. The 50 kg was 

then  removed from t h e  ly s ime te r  and a readout  of 5000 was obtained,  

lhtemnediate  weights  were ,then, added and t h e  dfgftal :  readout  was 

compared t o  t h e  amount of weight added. T h i s  e a l e b r a t i o n  procedure 

f i x e d  t h e  end p o i n t s  and t e s t e d  the l i n e a r i t y  over  t h e  range t h a t  we 

were t o  u s e  t h e  lys fmeters .  

The ca.lfbrati .on procedure had t o  t ake  p l ace  dureng per iods  of 

low wind speed s o  t h a t  t h e  fysim.eters would s e t t l e  dawn t o  a cons tan t  

ou tput  r ap id ly .  Three s e n s i t i v i t y  ch.ecks were a l s o  made d w f n g  t h e  

year* This  was accompfished by  p u t t i n g  small  known weights,  10, 20, 

50, and 100 grams, on t h e  lys fmeter  and no t ing  the d ig i t a l l  rea.dout, 

As mentioned i n  t h e  chronological r epor t ,  dv,riag October a c a l f -  

b ra t lon .ps scedure  w a s  run  and # 2  Pysirneter seemed t o  depa r t  somewhat 

from l i n e a r i t y  over th.e e n t i r e  range. The m,axim.um dc3'vfa.tion f s m  

l i n e a r i t y  was 7'00 grams, That. i ss ,  when 3!,50 kg -was  p laced on t h e  
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lys imeter  t h e  aetua I. d i g j  t s P  readout  was 38, 8, Tee devi6,tisas were 

n e g l i g i b l e  near  t h e  end point. a however, 

This depa r tu re  from 1E.h.eax:l.ty on &2 lysim.eter was thought t o  b e  

a s soc i a t ed  wi th  a s h o r t  c i r c u i t  Ba the. %oad c e l l  due c s  mmistaere 

c0ndensin.g on t h e  temina4 .s  in, t h e  c o f f i n  s f  the B-ysheter  a t  t h e  

load c e l l ,  Actual  condensat ion on ~ h e  s h a f t  housing could be  noted 

when t h e  counterwei.ght s h a f t  was opeaed, To r e c t f f y  t h i s  eondftfsn., 

de s i ccan t  bags were placed i n  the coun~erwe igh t  shaft above t h e  

removable counterwejghts  and t h e  desieeane cheeked p e r l o d i e a l l y  and 
- - 

changed a s  i t  picked u p  msfs ture ,  Ea-Dece& es 1961, a i r  from a 

vacuum c l eane r  was blown i n t o  t h e  coun.&emef&t shaft ,  down i-hrough 

t h e  c o f f i n ,  and up the s i d e s  between the i.nner b i n  and orp.ter 'bin and 

e x i t e d  through a slit i n  t h e  gaskec t o  speed-up t k i s  dry ing  process ,  

Pe r iod ica l ly ,  i n  December t h e  r e s i s t a n c e  of t h e  load c e l l s  w a s  cheeked 

w i t h a $ . o h e t e r  when t h e  power t o  t h e  load c e l l s  was discataaecsed, 

This r e s i s t a n c e  should b e  i n f i n i t e ,  Eowever, f n f t i a l Z y  on $,2 Eysimetes 

t h e  r e s i s t a n c e  was L a %  m i i l i o n  o h s .  Ine teased  dry ing  should r e c t i f y  

t h i s  con.diti.on rapid2.y. 

7. General Lys imeter  Perf omancg 

Sinc.e t h e  l . y s h e t e r s  were i n s t a l l e d  i n  December 1960, they  hqyb 

been run. almost contfmousPy f o r  a per iod  o f  a y e a r ,  During t h a t  

t ime minor d i  f f i . cu l t f  e s  wf t h  t h e  ma.ch.knerg were eacounte:red b u t  

r e e t i  f i e d  ve ry  quiekPy, The Iys imeters  have performed qu.ite s a . t i s -  

f a c t o r i l y  and evapora t ion  d a t a  by hours f o r  each day has  been esl.%eeded 

dur ing  1961, 
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T XI. SQIL T Z'U D HEAT FLUX IN EYS 

The lysimeters are taken to be representative samples of the 

rounding area, Measurements of evaporation, net radiation and 

oil heat flux and temperature at, over, or in the lysimeters should 

closely approximate similar quantities in the surrounding field, 

e cansiderations apply in particular when a surface energy balance 

e up for a specified period of time and when its nature is 

to aerodynamic studies made over the field as a ;$&ole. 

a lysimeters are, to an extent, isolated from the surroun 

ile, There is the double steel wall and the space below the soil 

which is occupied by air, concrete, and the fghing mechanism+ 

e extent of this space has been miniadzed, but there may still be d 

appreciable effects on soil temperatwe and heat flow, In order to 

tigate this particular aspect a series of measurements was made 

in Uctober 1961, 

Soil thermojunctiqns were made from 30 gauge copper-constantan 

wire. The individual conductors were nylon insulated and the two 

Jointly covered with an additional coating of nylon resulting in an 

overdl cross section of 1 by 1/2 mm (Thermo Electric Company 

Saddlebrook, New Jersey, Type NN), Materials previously used to 

inaulate the thermocouple junction did not prove satisfactory, 

The thermocouples were soft soldered and the junction covered 

with molten nylon, The junction was then cemented in a small hollow 

braes ppint, 2,35 mm QoD, To install the thermojunction, a 
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was used t o  i n s e r t  t h e  hollow po in t  and junc t ion  t o  t h e  proper  depth,  

The rod was then  removed leaving  t h e  junc t ion  and wf.re behind i n  

p lace .  Since t h e  s o i l  i s  p r a c t i c a l l y  f r e e  of gra.vel o r  rocks t h i s  

method works q u i t e  we l l .  

Junc t ions  were i n s t a l l e d  i n  t h e  t h r e e  lys imeters  and i n  two 

adjacent  l o c a t i o n s  a t  depths of 5, 25, 50, and 100 em, The output  

from t h e  20 junc t ions  was measured by t h e  Datex data. logger  on t h e  

compensated range us ing  a 2 l s t  channel f o r  an i c e  b a t h  junc t ion  t o  

s e rve  a s  r e f e rence .  

Also, a t  t h e  f i v e  loca t ions ,  h e a t  f l u x  p l a t e s  were i n s t a l l e d  a t  

a depth of 5 cm.  Thes'e a r e  b a s i c a l l y  copper-eonstantan the ,m~pp i l e s  

embedded i n  polyvinylch lor ide  (National  Instrument Laborator ies ,  

Washington, D, C., Model KP-2) wi th  a th ickness  of 3 ,3  m and a 

diameter of 50 nun. Output a t  a r e s i s t a n c e  of 100 i s  about 40 mv 

per  ly min-l.  The h e a t  f low p l a t e s  were a l s o  programmed i n t o  t h e  

Datex d a t a  l ogge r ,  

Measurements were made every hour on t h e  hour and t h e  d a t a  

punched i n  paper t ape ,  The t ape  was p r i n t e d  out  wi th  t h e  automatic  

typewri te r  and summarized by hand. A condensed schedule of events  

i s  a s  fol lows:  

October 6 I n s t a l l a t i o n  of Sensors 

October 6-12 Checkout of Equfpment and Procedures 

October 13  I r r i g a t i o n  of Lysimeters and F i e l d  

October 14-15 Co l l ec t ion  of Data, 

October 16-18 Drying of Surface 

October 19 Col l ec t ion  of Data 
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RESULTS AND DISCUSSION:: 

D a t a - a r e  f o r  each depth, l o e a ~ i o n ,  and t h e  of day f o r  

each of t h e  t h r e e  days of observa t ion ,  These a r e  no t  given here ,  

Ins tead ,  a condensed summary i s  shorn i n  Table l giv ing  the  24-hour 

average of t he  temperature at f o u r  depths,  averaged f o r  t h e  t h r e e  

ly s ime te r s  and t h e  two ou t s ide  l o c a t i o n s  on each day, 

It may be seen t h a t  on t h e  two days immediately a f t e r  i r r i g a t i o n  

t h e  lys imeter  s o i l  a s  a whole i s  s l i g h t l y  coo le r  chough t h e  d i f f e r e n c e  

i s  less than  one degree C and n o t  c o n s i s t e n t .  On. Lhe 19th  o$ October 

t h e  ly s ime te r  i s  somewhat coo le r  a t  100 cm b u t  wanner a t  a l l  o the r  

depths ,  AgaAn t h e  d i f f e r e n c e  is  one degree C o r  l e s s ,  

The cons is tency  of t he  d i f f e r e n c e  a t  t h e  r e s p e c t i v e  depths i s  

shown i n  F igure  1, which r e f e r s  t o  t h e  s o i l  temperatures  on t h e  19th  

of October, Di f fe rences  between t h e  lys imeter  and t h e  ou t s ide  appear 

w e l l  above experimental  e r r o r  and should be regarded as read, however 

smal l  i n  abso lu t e  magnitude. 

On a l l  t h r e e  days t h e  s o i f  h e a t  flow a t  5 cm tended t o  b e  smal le r  

i n  t h e  ly s ime te r  than  i n  t h e  surrounding s o i l  whether  t h e  va lues  were 

p o s i t i v e  o r  nega t ive ,  However, a s  t h e  s u r f a c e  d r i e d  o u t  and dra inage  

proceeded t h e  d i f f e r e n c e s  became q u i t e  s m a l l ,  no g r e a t e r  a t  any t ime 

- 1 - l 
than 0 .O3 l y  mi.n and t y p i c a l l y  around 0,OI min 

The cond i t i on  on October 19th  i s  i l l u s t r a t e d  i n  Figure  2 .  The 

s o i l  condi t ions  i n  t he  'Eysl'meters a r e  no t  e n t i r e l y  i d e n t i c a l  t o  those  

around them. As  r e s u l t  of excxvation, s iev ing ,  and repacking, one 
- 

would expect d i f f e r e n c e s  i n  po%e? 

Annual Report of the U.S. Water Conservation Laboratory



content dfstributfon, A c t u a l  measuremrnks , i nd i ca t e  m o b b ~ u  r e  consent 

En the lyslmetess to tun a Few peccenc by trolnvne klgher thao w ~ c s l d e  

at comparabLe depths, Accordlng4y, the cempesature regime ma,y nor be 

expected to be the same ei ther,  However, rbe measatcements reported 

here show that the differences in temperar are a r e  quite smai L and 

that the effect on s o i l  heat f l o w  is O F  the sam order of magnitude 

as the uncertaiab~y of ~ O W P P ~  arnounrs o f  weight charege, 

Present data show &'hat the i y s h e k e r  Fn t k h s  aspeee is a repre- 

sentative sanap1.e. .Ze WAIL!. be roeceassr,y5 :7k~?rd~evir~ t o  repeas fh.e 

program of observas ions  under d i f  f ereas ai& lenr eondl s J  oas, probably 

during the late spring, 
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Table 1. Summary of soil temperatures, 

Average Temperature 

Depth October 14 Ocfober 15 Octo'ber 19 
I v- 

(4 @hide Outside Lys . Outside 
Locat ions, lays ,?.mations heations Lys . 
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Figure 1. Soil temperatures i n s i d e  and outside the lysimeters on October 19, 1962, 
-- Annual Report of the U.S. Water Conservation Laboratory
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The race  of evagorarfon f r a n  t h e  so$% sur face  i s  a m a t ~ e r  of 

cons ide rabk  p r a e r i e a l  and t h e o r e t i c a l  i n t e r e s t  and has been fnvessi-  

gated by a nramber of se ienk . l s t s ,  These i m e s t l g a t i o n s  have ranged 

from exeens ive rG:eoeet Feal s t u d i e s  c o n s f s t i n g  most ly i n  app7 F e ~ t i o n  

of: moisture Elow theory L O  t h e  ca se  f n  poin t  and also sf experimental 

s t u d i e s  both  i n  rbe LetPomZory wi th  a rekfEeia" l ss~2  coLomns, and 

a c t u a l  obsen7at ioas  of t h e  r a t e  of dry ing  s f  n a s u r a l  s o i l s  when 

exposed t o  t h e  atmosphere a f t e r  i n i t i a l  wetri,ng, 

The p re sen t  s t u d i e s  a r e  pr imar i ly  aimed toward t h e  procurement 

of r e p r e s e n t a t i v e  dar.a on t h e  t r u e  r a t e  of 'Loss of water  f r m  wet.  

s o i l  by su r f ace  evapora t ion ,  Xn many previous s t u d i e s  t h i s  q u a n t i t y  

was approximated from repea ted  samplings of t h e  moi.srure content of 

l a y e r s  of s o i l  c l o s e  t o  t h e  su r f ace  o r  by s tudying t h e  Loss of weight 

from r e l a t i v e l y  shallow con ta ine r s  fiLl.ec3 wf eh s o i l  and exposed i n  a 

r e p r e s e n t a t i v e  manner, Such observa t foas  a r e  n o t  a l roge thec  

conclus ive ,  I n  measuring so i l ,  mois ture  conteams; changes I t  i s  

d i f f i c u l t  t o  s e p a r a t e  downward from upward flow, Al.so, the p r e c i s i a n  

of d ipac t  measurement of s o i l  mois ture  eontent  i s  n o t  s u f f t c f e n t  t o  

s tudy short- t ime evapora t ion  r a t e s  a s  exemplfffed by t he  amount " 

x o i s t u r e  re turned  t o  the  atmosphere dur ing  one o r  s e v e r a l  hours ,  

p a r t i c u l a r l y  when, a s  a r e su lk  of s u r f  ace dcy ing, eva.poracion r e t e s  

a r e  cons iderably  l e s s  than what  they a r e  i n i r l a l l y  a f t e r  wectLng, 

S tud ie s  c a r r i e d  out  by d i r e c t l y  we'igkzfnp r e l a t h e l y  shor t  cohmxrs of 
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soil are capable of giving information on short-time evaporation ra,tes 

but the conditions under which evaporation takes place are not, as a 

rule, representative of those in an undisturbed profile. 

Theoretical investigations, such as those carried out in Australia 

by CSIRO and by the U. S, Salinity Laboratory, tend to show that 

moisture conditions, in terms of conductivity and distribution of 

potential, at considerable depth have a profound influence upon the 

rate of evaporation from the surface, Thus, the elimination by a 

horizontal barrier of moisture flow from all but the most shallow 

layers of soil from the process of supply of moisture to the surface 

where it is presumably evaporated, is likely to result in values for 

the evaporation rate that are not representative of those that take 

place from a soil profile that is not similarly disturbed. 

It may be stated that, at the present time, accurate data are 

lacking on evaporation from bare soil under natural conditions and 

sufficiently long columns and, also, that no data are available on 

short-time rates, such as hourly or half-hourly rates, so that the 

daily march of evaporation rate can be adequately studied. Most 

studies deal with surface evaporation either as a purely meteo~olo- 

gical phenomenon or as a phenomenon determined by the physics of 

soil moisture movement. Even the most superficial study would 

indicate that neither of these two views is entirely applicable. 

The daily variation of evaporation rates from bare soil is 

definitely the result of meteorological factors whereas the 

absolute magnitude of the evaporation rate, during the daytime at 

least, is also very definitely determined by the flow conditions 
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i n  t h e  e n t i r e  p r o f i l e ,  The purpose of the  c u r r e n t  i n v e s t i g a t i o n s  i s  

p r imar i ly  t o  c o l l e c t  reproducib le ,  r e l i a b l e ,  and t y p i c a l  d a t a  whi 

may permit an a n a l y s i s  of t he  phenomenon i n  terms of t h e  two processes  

t h a t  a r e  involved andlor  t o  enable  t h e  des ign  of fdgpre experiments 
i 

o r  p lans  of observa t ions  which w i l l  f a c i l i t a t e  such an  ana lys i s .  

PROCEDURES: 

A, Drying Cycles,  During the  ca lendar  year  1961 only a l imi t ed  

amount of p r e c i p i t a t i o n  was measured a t  t he  Laboratory loca t ion ,  

approximately 20 mm, The oppor tuni ty  f o r  observing t h e  dry ing  of 

su r f ace  s o i l  by means of t h e  lys imeter  system cons i s t ed  i n  a number 

of su r f ace  i r r i g a t i o n s  a t  va r ious  t imes of t h e  year  followed by 

dry ing  per iods  of va ry ing  l eng ths .  These a r e  r e f e r r e d  t o  a s  drying 

cyc le s  and they  a r e  b r i e f l y  enumerated and descr ibed  i n  Table .1 .  

During each one of t he  dry ing  cyc le s  any of s e v e r a l  events  

occurred which may have had some bea r ing  on t h e  r e s u l t s  obtained,  

These a r e  i nd ica t ed  b r i e f l y  i n  t he  fol lowing,  

During Cycle 1 t h e  weather was gene ra l ly  nea r -pe r f ec t ,  However, 

dur ing  t h e  per iod  May 5 through May 12, approximately 20 mm of excess  

water  was removed from t h e  ly s ime te r s  by drainage.  The manner i n  

which t h i s  was done d i d  no t  penn i t  t h e  exac t  c a l c u l a t i o n  of t h e  

d a i l y  total .  of evapora t ion  and, a l s o ,  d id  not  a l low t h e  computation 

of hourly amounfa $qr t h e  per iod  ind ica t ed .  

During Cycle 3 gene ra l ly  p e r f e c t  weather p reva i l ed  bu t  dra inage  

of t h e  lys imeter  took p l ace  dur ing  t h e  per iod  of June 13 through 

June 23. However, i n  t h i s  ca se  by weighing t h e  amount of water  

dra ined  every day i t  was p o s s i b l e  t o  compute t h e  d a i l y  amount of evepo- 

r a t i o n .  Hourly amounts a r e  n o t  a v a i l a b l e  f o r  t h e  dra inage  per iod ,  
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During Cycle 4 dra inage  was a l s o  e f f e c t e d  i n  a s i m i l a r  way, *# 
s t a r t i n g  on J u l y  1 2  and cont inuing  through August 4 ,  In  add i t i on ,  

11 

some severe  weather was encountered i n  t h e  form of a d u s t  &prm and 

windstorm on J u l y  14 and I and r a i n f a l l  i n  t h e  amount of about 8 mm 

on J u l y  28 and J u l y  30. As a r e s u l t  of t hese  cond i t i ons  and some 

experimental  d i f f i c u l t y  dur ing  t h i s  per iod  t h e  d a t a  of Cycle d are 

probably not  r ep re sen ta t ive ,  nor  e n t i r e l y  r e l i a b l e .  

Cycles 5 and 6 a r e  cha rac t e r i zed  by gene ra l ly  f a i r  weather,  

absence of r a i n f a l l ,  and any i n t e r f e r s p g  f a c t o r s .  A near -per fec t  

record of d a i l y  and hour ly  amounts was obtained dur ing  these  two cyc le s .  

In  Cycle 7,  p a r t l y  cloudy weather was experienced dur ing  Days 1 

through 8 and small  amounts of r a i n f a l l  between 1 and 1 1 / 2  nun were 

recorded,  The weather was gene ra l ly  f a i r  wi th  sha rp ly  dec l in ing  a i r  

temperatures,  however, f o r  t h e  remaining 14 days of t h e  cyc le .  A 

p e r f e c t  record  of hour ly  and d a i l y  va lues  was obta ined  on a l l  t h r e e  

lys imeters .  

The a c t u a l  d a i l y  amount of evaporat ion i n  t h e  form of t h e  average 

amount from midnight 

Table 2. These d a t a  

d a t a  a r e  on f i l e  b u t  

t o  midnight f o r  t h e  t h r e e  ly s ime te r s  i s  given i n  

have been used i n  subsequeqf ana lys i s .  Hourly 

a r e  no t  suppl ied  wi th  t h i s ; z e p o r t .  

B ,  Method of Analysis .  I f  t h e  evaporat ion process  may be  

considered a s  determined by l i q u i d  flow i n  one d i r e c t i o n  i t  i s  a 

reasonable suppos i t ion  t h a t  t h e  accumulated amount of evaporat ion 

should b e  d i r e c t l y  p ropor t iona l  t o  t h e  square r o o t  of time. This  i s  

t h e  same a s  say ing  t h a t  t h e  r a t e  of evaporat ion should be  p ropor t iona l  

t o  t h e  inve r se ' squa re  r o o t  of t ime, I n  o t h e r  words, t h e  evaporat ion 
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process  i s  then  considered t o  be a s p e c i a l  ease of desorp t ion  of  an 

i n f i n i t e  o r  r a t h e r  long one-dimensional e s l u m  and a ease  s f  ncm- 

l i n e a r  d i f f u s i o n .  

To e x m i n e  t h i s  propos i t ion ,  t h e  accumulated evaporat ion,  s t a r t i n g  

wi th  t h e  f i r s t  day a f t e r  wet t ing ,  was p l o t t e d  f o r  t h e  s i x  cyc l e s  

aga ins t  t h e  square r o o t  of time i n  Pfgure 1. It may be  seen f r m  t h i s  
%--, 

f i g u r e  t h a t  i n  f i r s t  approximation t h e  r e l a t i o n s h i p  betweenacc~umulated 

evaporat ion and t h e  square roo t  of rime i s  l i n e a r  f o r  t h e  e n t i r e  dry ing  

cyc le  o r  f o r  a p a r t  of i t ,  For Cycle % two d i s t i n c t  po r t ions  a r e  

i nd ica t ed .  f ixst one, A, p e r t a i m  t o  drying of t h e  Pysimeter p r i o r  

t o  drainage and t h e  second por t ion ,  B, desLgnates the dry ing  a f t e r  

dra inage  had been c a r r i e d  out f o r  approximately 6 days,  In  Cycles 23 

and 5 only one phase of t h e    plat ion ship 1s d i s t i ngu i shed ,  In  6ycZes 

4, 6, and 7 a non- l inear  po r t ion  labe led  A i s  fridieated dur ing  the  

f i r s t  few days of t h e  dry ing  cyc le  and a l i n e a r  porti.on., B, i s  

recognized dur ing  t h e  remainder of t h e  per iod ,  The segmen,t A i n  

t h e s e  t h r e e  cases  i s  a s soe fa t ed  w i t h .  d ry ing  r a t e s  which ape thought 

t o  be e n t i r e l y  c o n t r o l l e d  by t h e  p r e v a i l i n g  meteoro logica l  cond i t i ons ,  

Typical ly ,  dur ing  t h i s  per iod  t h e  d a i l y  rate of evapora t ion  i s  nearky 

t h e  same o r  perhaps even higher ,  on Days 2, 3, and 4 than on Day 1. 

On succeeding days t h e  d a i l y  amount o f  evapora t ion  eontinuaEHg 

dec l ines  and a l i n e a r  r e l a t i o n s h i p  may be used a s  a model. 

To f u r t h e r  examine t h e  propositi .on in  F igure  2 t h e  d a i l y  ra , te  

of evapora t ion  i s  p l o t t e d  ve r sus  the i nve r se  square  r o o t  of t i m e .  

I n  t h i s  case,  on ly  those d a t a  arc used that a r e  assocSazed wif& t h e  

l i n e a r  p a r t  of t h e  r e l a t i o n s h i p  i n  F igure  1, Faat i s g  Day 1 i s  t h e  
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f i r s t  po in t  t h a t  appeared t o  l i e  on t h e  l i n e a r  segment B .  This  

d i s t i n e t i o n  i s ,  of course,  no t  app l i cab le  t o  Cycles 1, 3,  and 5, 

Although some s e a t t e r  is  ev ident  i t  may be seen i n  F igure  2 t h a t  a 

reasonably e l o s e l y  def ined  l i n e a r  r e l a t i o n s h i p  e x i s t s  between the  

two q u a n t i t i e s  p l o t t e d  i n  a l l  e y e l e s ,  However, another  phenomenon 

becomes apparent  through t h i s  method s f  p l o t t i n g ,  That i s ,  a f t e r  a 

e e r t a i n  minimum d a i l y  r a t e  of evaporat ion has been reached t h e r e  i s  

a tendeney f o r  t he  r e l a t i o n s h i p  t o  f l a t t e n  out  i n t o  a ho r i zon ta l  

curve i n d i c a t i n g  t h a t  wi th  t h e  progress  of time, evapora t ion  i s  no 

f u r t h e r  apprec iab ly  reduced. This  may be seen i n  Cycles .4, 3, and 
I 

6. It i s  b e l i e d t h a t  t h i s  po r t ion  of t h e  r ePa t ionsh ip  r ep re sen t s  

condi t ions  under which t h e  evaporat ion r a t e  i s  p r i m a r i l y  a t r a n s f e r  

of moisture i n  t h e  form of water  vapor, no longer  c o n t r o l l e d  by 

l i q u i d  flow. 

The foregoing  d a t a  apply t o  d a i l y  arm;~ap$s of evapora t ion ,  In  a 

sense t h i s  i s  a f i c t i t i o u s  q u a n t i t y  beeause a t  no time, o r  very  s h o r t  

t imes only, dur ing  t h e  day w i l l  t h e  evaporat ion r a t e  a e t u a l l y  equal  

t h e  d a i l y  r a t e .  We may indeed c r i t i c i z e  t h e  foregoing  method of 

a n a l y s i s  i n  say ing  t h a t  we a r e  no t  r e l a t i n g  two r e a l i s t i c  phys i ea l  

q u a n t i t i e s .  The manner i n  whieh t h e  a c t u a l  evapora t ion  progresses  

w i t h  time must be obta ined  by s tudying  short- t ime reeords .  For t h i s  

purpose evaporat ion was c a l c u l a t e d  f o r  i nd iv idua l  hours of eaeh day, 

This was done by p l o t t i n g  t h e  ind iv idua l  weight curves of eaeh 

lys imeter  and by smoothing these  curves and f i n d i n g  t h e  difference i n  

weight from one hour t o  t he  next  from t h e  smoothed eurve. I n  most 

c a s e s  t h e  weight eurve i s  ve ry  w e l l  def ined  and smo~sthfng i s  no t  
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necessary, However, when wind d i s tu rbs  the  weight record samewhat, 

p a r t i c u l a r l y  during periods of Pow evaporation.,random v a r i a b i l i t y  of 

t h e  record can be appreciably reduced by the  smoothing process, The 

da ta  thus obtained a r e  presented i n  Figures 3, 4, 5 ,  6, an( Xfsr 

Cycles 1, 3, 5, 6 ,  and 7 r e spec t ive ly ,  

Cycle 1, shown i n  Figure 3, i s  a c t u a l l y  i d e n t i c a l  t o  the  "Big 

Mudv1 experiment discussed elsewhere i n  t h i s  r e p o r t ,  It shou213, be 

noted t h a t  t h e  record is: in ter rupted ,  a s  f a r  a s  hourly values a r e  

concerned, during t h e  period May 5 through May 12, In the period 

before drainage, the  evaporation r a t e  was s u b s t a n t i a l l y  d i f f e r e n t  from 

zero during the  n igh t  period averaging about 0.05 m per  hour, Af ter  

the  drainage period the  evaporation r a t e  was e s s e n t i a l l y  zero during 

the  n ight  hours,  

Cycle 3 i s  portrayed i n  Figure b. Here again the  period June 13 

through June 23 i s  not  represented because hourly values were not 

ava i l ab le .  It may be noted again t h a t  not  only the  d a i l y  maxl".mum but  

a l s o  the  n i g h t l y  minimum i s  subjec t  t o  a continuous reduction from 

day t o  day. 

Cycle 4 i s  not  represented because too few da ta  were a.vafZable, 

Cycle 5 i s  probably the  b e s t  one during the  calendar year  s ince  

condit ions were remarkably uniform throughout the  period o f  drying,  

Similar  observations can be made f o r  t h i s  cycle a s  f o r  p r ~ v i . o u s  ones, 

i n  t h a t  the re  i s  a cons tant  diminution of both t h e  d a i l y  maximum and 

minimum evaporation. 

Cycle 6 a s  shown i n  Figurej6,  i s  r a t h e r  d i f f e r e n t  from the previous 

one inasmuch a s  a period of constant  behavior over the  f i v e  aueeesslve 
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days precedes the  per iod  aE d r y  ~ n g  d u r % n g  which the dai  l.y t ~ ~ ; a l  

eontfnued to diminish,  %is corresponds co she see t ion  A that was 

noted In FEgure 1 f o r  Cycle 6 ,  From Figure  b ~t I s  evldenc chat t h e  

sepa ra t ion  between segments A and B of  c h e  curve i n  F i g u r e  3 i s  

somewhat a r b i t r a r y ,  

F ina l ly ,  Gycle 7 shows a somewhet Ind i f f e renz  b e h a v ~ a r  dur ing  a 

perlod of %ow evapst-at lve demand which is in t e rcup ted  by some el.ourdy 

days and occasional $ i g h t  r a i n s ,  Neverthe Less, feasures  slmi l a r  t o  

t h a t  i n  previous cyc l e s  have been preserved and the d a i l y  t o t a l s  show 

a d e f i n i t e  regul ,a r i ty  as evidenced 6 y  Figuces I and 2 ,  

DISCUSSION: 

In  t h e  course  of t h e  196% work only Ehe f ~ s r t  Efve days of Cl;yeEe l 

( B L ~  Mud #I.> wece examined i n  greaC d e t a x l  a s  f a r  a s  t h e  e a n t r o l ? i n g  

meteorologieak cond i t i ons  were csneeraed.  Tke ot3er d a ~ a  a r e  mere 

observa t ions  which w i l l .  l end  thmseXvee os,Sy to  curscjry examination 

and d i scuss ion ,  In t h e  near  f u t u r e  more d e t a i k d  s t u d i e s  viEP be made 

of pe r t i nen& v a r i a b l e s  i n  the s o i l  a d  i n  khe a t m x q h r e  isrunedEafel.y 

above i t ,  

From t h e  r e s u l t s  a s  shown i n  F igures  L and 2 i t  is  apparent  t h a t  

a r e c u r r e n t  r e g u l a r i t y  can be  observed in  the change of t h e  d a l l y  

r a t e  of evaporat ion with t h e .  A t  l e a s t  a s i lzable  po r t ion  of t h e  

d a t a  does seem t o  fol.%ow t h e  square roar O E  time law a s  a eonsadera- 

, ion of mois t u r e  f l aw  theory  T J O ~  l d  suggest  . 110wever, i n  s e v e r a l  

i n s t ances  (Cycle 4, 6, and 7) i t i s  evLdenk tha t  t h l s  s e g u h r i r y  i s  

preceded by a per fad  o t  severall. dsyx i n  w h l k h   he d a i l y  evapsracion 

r a t e  i s  c o n t r o l l e d  by meteorsJ.ogics h c o n d ~ t ~ s n s  OK t h a t  some 
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in-between s i t u a t i o n  p reva i l s ,  In t h i s  regard i t  i s  of importance t o  

note  t h a t  the  t r a n s i t i o n  between the  two phases of evaporation i s  not  

c l e a r l y  o r  d i r e c t l y  associa ted  with the  s t a t e  of dryness of the  super- 

f i c i a l  l aye r .  For example, i n  Cycle 1 the  r a d i a t i o n  condit ions were 

i d e n t i c a l  on Days 2, 3,  4, and 5 (on Day 1 r a d i a t i o n  was l e s s  due t o  

c loudiness) ,  We may observe during these  four  days a s teady diminution 

of the  d a i l y  evaporation r a t e .  &is i s  evident i n  Figure 2 where Day 6 

i s  marked. Yet the  su r face  condit ion of the  s o i l  d id  not  v i s i b l y  change 

u n t i l  Day 5 and even a t  t h a t  point  a f u r t h e r  v i s i b l e  drying occurred. 

This is  an observation which i s  supported by da ta  on n e t  r ad ia t ion  

although t h i s  i s  not  a d i r e c t  measurement of the  surface  dryness, It 

i s  obvious t h a t  i n  order  t o  s e t t l e  t h i s  point  wi th  more ce r t a in tp ,  

d e t a i l e d  measurements w i l l  have t o  be made of t h e  moisture content of 

s u p e r f i c i a l  layers  of s o i l .  However, s imi la r  observations were made 

repeatedly during the  o ther  cycles ,  t h a t  is ,  the  e f f e c t  o r  predominance 

of flow of moisture i n  t h e  s o i l  a s  a f a c t o r  i n  determining the  da f ly  

evaporation r a t e  occurs before one may s t a t e  t h a t  the  surface  i s  

e n t i r e l y  dr ied  out  t o  the  ex ten t  t h a t  i t  would be i n  vapor pressure 

equil ibrium with the  atmosphere above i t .  

It i s  equally c l e a r  from the  da ta  t h a t  a t  t h e  end of a drying 

cycle the  square roo t  r e l a t i o n s h i p  no longer appl ies .  This i s  r a t h e r  

e f f e c t i v e l y  masked i n  t h e  accumulative curves of Figure 1 bu t  i n  some 

of the  r e l a t ionsh ips  portrayed i n  Figure 2 (not a l l  of the  f i n a l  days 

of a cycle  were p l o t t e d  here  because of congestion of da ta )  the  d a i l y  

r a t e  of evaporation does not  continue t o  decrease and f i n a l l y  become 
,.."W. 

zero. Rather, it assumes a near-constant value k f t e r  a number: of " 
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days, This is also well demonstrated by the data in Table 2 and Figrrfes 

3 through 7. It is hypothesized here without further proof that during 

this part of the cycle, which will continue for a rather indefinite 

period of time, loss of water from the soil is determined by a vapor 

transfer process. At the same time the daily rates of evaporation 

associated with these conditions are by no means negligible, being of 

the order of about 1 mm per day, It is pertinent here to observe that 

at the beginning of the year 1961 the soil was permitted to dry out 

for a period as long as 2 1/2 months and at the end of this period 

the evaporation rate was still on the order of 1 mm per day, 

It is evident from considering the daily totals by themselves 

that evaporation from dry soil is not a simple process or one that 

can be clearly dissected in a number of different phases. The com- 

plexity of evaporation becomes even more apparent when the actual rate 

of evaporation, as given by the hourly values, is considered, Judging 

from available data, during periods less than 1 hour the evaporation 

rate,! __..)  does not deviate materially from the hourly values, other than 

as caused by random errors. The record of all cycles as given in 

Figures 3 through 7 shows that at all times evaporation is a process 

determined in part by meteorological conditions, This is obvious 

during the first few days of a drying cycle but if the process in a 

later stage was determined solely by moisture flow upward, the daily 

variation might be damped out or disappear altogether, On the coqpary, 

the record shows that a very regular daily pattern prevails indefinitely 

with a minimum at times near zero during the hours of darkness and with 

a rather symetrically distributed daily variation showing a maximum 
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between 1200 and 1400. Thus the evaporation from p a r t i a l l y  dried s o i l  

w i l l  have t o  be analyzed as a phenomenon t ha t  involves both the mono- 

ton ica l ly  declining a b i l i t y  of the s o i l  t o  transmit water as i t s  

moisture content decreases and the  per iodical ly  varying demand function.  

In l a t e r  s tages i t  w i l l  probably be necessary t o  take i n t o  ace  

per iodical ly  varying gradient  of vapor pressure i n  the s o i l ,  Further- 

more, the record a s  given i n  Table 2 implies t ha t  the  evaporation 

r a t e s  as  f i n a l l y  ol#*Bined a t  the end of a cycle a r e  somewhat higher 

i n  the  summertime than they a r e  i n  the  f a l l  and winter which i s  again 

evidence t h a t  the re  may be more involved than merely t r an s f e r  of 
- _-- 

moisture as determined by s o i l  proper t ies .  L t  Is poss ible  t ha t  the 

va r ia t ion  i n  moisture f l ux  a t  the surface as i t  i s  found with the 

lysimeter may be damped out a t  a r e l a t i ve ly  shallow depth below the 

surface, This w i l l  have t o  be examined in the fu ture .  

A f u r t he r  observation of f n t e r e s t  i s  t ha t  i n  no s ing le  'ase i n  

the  record a s  given here was there  any evidence of accre t ion of 

moisture from the  atmosphere during the nighttime hours. This s t a t e -  

ment i s  a l so  t r ue  f o r  a l l  of the  records t ha t  were obtained during 

the  year 1961, It may be concluded t ha t  under the  prevai l ing 

conditions over a bare surface, dewfall as a form of p rec ip i t a t ion  

did not  occur i n  measurable quanti ty.  Whether t h i s  same statement 

would a l so  apply t o  a vegetated surface remains t o  be seen as a 

r e s u l t  of fu tu re  invest igat ions .  Condensed moisture, a l so  of ten  

re fe r red  t o  as  dew, may be observed frequently i n  the Phoenix area. 

From a hydrologic-point of view i t  i s  of i n t e r e s t  t o  know whether 

t h i s  dew cons t i tu tes  dewfall o r  whether i t  i s  merely recondensation 
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of moisture t h a t  evapora,ted i n  t h e  s o i l  and migrated toward t h e  su r f ace  

and up t o  t h e  v e g e t a t i v e  canopy where i t  was recondensed, 

SUMMA.RY AND CONCLUSIONS: 

Seven d i s t i n c t  dry ing  cyc le s  were observed dur ing  rhe  year 1961 

c o n s i s t i n g  i n  gradual  dry ing  of t h e  s o i l  column aE te r  a n  i n i c i a l  

we t t i ng  by i r r i g a t i o n ,  The evaporat ion r a t e  i n  a l l  seven w a s  >p 

c l o s e l y  i n  t e r n s  of hour ly  ra.tes f o r  a per iod  of a s  many a s  21 days, 

Of t h e  a v a i l a b l e  records,  6 cyc l e s  y i e lded  r e l i a b l e  d a t a  i n  terms of 

d a i l y  amounts and 5 cyc le s  could be  u s e f u l l y  analyeed i n  terms of 

hour ly  evaporat ion r a t e s .  

Analysis  of d a i l y  evapora.tf on amounts indf ca t e s  that: a t  l e a s t  

dur ing  p a r t  of t h e  dry ing  c y c l e  t h e  accumuPated evaporat ion i s  d i r e c t l y  

p ropor t iona l  t o  t h e  square roo t  of time inp ly ing  t h a t  flow of mofsture 

i n  Liquid form i s  an  important a spec t  of t he  process ,  A t  t h e  beginning 

of a cyc le  i n  some cases  t he  evaporatxon i s  probab l.g enti.r.ei-y determined 

by m e t e o r o l o g i c a ~  eond i t t ons .  A t  t h e  end of a dry ing  cyc1.e i n d i c a t i o n s  

a r e  t h a t  f low of water  i n  vapor form i s  involved,  The 
, f,e: 

s e p a r a t j o n  of t h e  t h r e e  mechanisms i s  no t  possfb1.e on the b a s i s  o f  

t h e  d a t a  gathered dur ing  1961 and f u r t h e r  confirmation of t h e  hypothesis  

made above w i l l  r e s t  upon f u t u r e  experiments.  

Study of t h e  hour ly  amount of evaporat ion i n d i c a t e s  r h a t  through- 

out  t h e  c o n d i t i ~ n s  t y p i f y i n g  an ind iv idua l  dry ing  cyc le ,  t h e  evaporat ion 

from ba re  s o i l  i s  a d a i l y  vary ing  phenomenon with r a t e s  at near  zero 

dur ing  t h e  per iod  of darkness  and a d i s t i n c t  maximcrm az,or  s1ightl .y 

a f t e r , t h e  noon hour, i n d i c a t i n g  t h a t  under aLl coad$tioans the  meteor- 

o l o g i c a l  elements p l ay  an important r o l e .  To &zc e x t e n t  t h e  d a i l y  
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varf.ati.on, in s u r f a c e  moi.s.tu.re fJ,ux :is associated wi th  s i :~if . lar  v a r f a =  

t i o n  of mois ture  f l u x  i n  deeper soil. I a y s r s  and to ‘whet exten.& t h i s  

i s  r e f l e c t e d  in, d a i l y  varia,t..ion of mrrfature p o t e n t i a l  and vapor 

p re s su re  i s  a w i n  a s u b j e c t  f o r  f u t w e  fnves t iga , t i ons ,  The records  

show t h a t  even a f t e r  long per iods  cf drying  t h e  evaporat.i.on r a t e s  

a r e  s t i l l  app rec i ab le  during t h e  middle s f  t h e  day and e l s o  over t h e  

day a s  a whole. Thf s sbseraration should have some considerabl.e 

s ign i f f canee  in, t h e  f i e l d  of watershed hydrology o r  i n  dry-land 

mois ture  consematfon .  To what e x t e n t  t h i s  pbeno:menon is  of any 

consequence i n  i r r i g a t e d  agrl .cultetre i s  somewhat q~,e.stfon.abae6 

The i .nves t iga t ions  r epo r t ed  can be regarded 8,s prel:Lmiaary only. 

Nevertheless ,  i t  i s  c l e a r  t h a t  evaporat ion from dry  soil i s  a 

complicated process  t h a t  mray no t  be  justif'i.ab2.y. simpPiEied t o  a 

ma t t e r  of one, ope ra t ive  process  onPp'. Future  "I',nvestrf.gation,s wfl.1, 

at tempt  t o  skmu.ltan.eou.sl,y 0bta.f.n d a t a  on va,rfous processes  and 

q u a n t i t i e s  involved,  
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Table 1, Drying cyc le s  on Zysimeters, 

- 

Cycle No, Date. 

2 U p r  1 l 55 m 28 days 

9 June 44 m 27 days 

7 J u l y  

13 October 

3 1  October 

3% days 

17 days 

15 da.ys 

7 16 November 30 m. 2 2  days 
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Table  2. D a i l y  amounts of s u r f a c e  e v a p o r a t i o n  from 1;ysi.meters i.n mm 
d u r i n g  7 c y c l e s  of w e t t i n g  and d r y i n g .  

Cycle  

1 3 4 5 6 7 

Day 1 5.66 

No 
Data 

I - 
0.72 

2.19 

1 .O6 

1.57 
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Table 2, Continued, 

-- 
Cycle 

Day 22 2.00 1,62 4.84 0 - 6 5  
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P i g ~ r r  1. Evzporarion accumulated du r ing  dry ing  cyc l e s  ve r sus  square  r o o t  of e lapsed  rime i n  days.  
Annual Report of the U.S. Water Conservation Laboratory



%&re 2, Daily aunt of evaporation during drying cycles  versus  inverse  square roo t  of 
time i n  days. Annual Report of the U.S. Water Conservation Laboratory
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Figure 4 .  Hourly evaporation rate versus Lime during Cycle 3 .  
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;;. . Figure 5. Hourly evaporation rate versus time during Cycle 5. 
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, Continued on next page. 
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Figure 6 .  Hourly evaporation rate versus time dur ing  Cycle 6. 
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A I COMPARISON OF EVAPORATION AND SENSIBEE HEAT FLOW AS FOUND 

WITH LYSmTEkS TO VALUES DETERMINED W I T H  A FLmOmTER 

TECHNIQUE 

IEJTWODUCTION : 

A fluxometer i s  an instrument whereby the sensible  heat and 

evaporation of a surface or  object  i s  evaluated by enveloping i t  i n  a 

container and noting the  changes i n  the proper t ies  of the  a i r  mass as 

i t  flows over or by the object of study, This technique has been 

known fo r  a considerable period of time, par t i cu la r ly  i n  the measure- 

ment of t ranspira t ion on i n t ac t  p lants ,  A new ve 
L 

principle  par t i cu la r ly  adapted t o  the measurement of evaporation and 

sensible heat  f l ux  over a bare surface was developed a t  the  I n s t i t u t e  

of Atmospheric Physics of the  University of Ariz cson, Arizona 

by Hodges, Yarger, and SelLers, The instrumentation and an account of 

the theory of the apparatus i s  given i n  an a r t i c l e ,  "A new approach 

t o  the  measurement of evaporation r a t e s  of the sensible  heat  f l ux  from 

bare s o i l  o r  sho r t  grass,"  by C, N, ~ o d g e s ,  D. N, Yarger, and W, D, 

Sel le r s  of the ~ g f v e r s i t ~  of Arizona. A t  present t h i s  r e  

avai lable  i n  prepr int  form only. 

For d e t a i l s  of the  construction and operation 

one i s  referred t o  the above source, In  b r i e f ,  the  ins  

of two tunnels made of t h i n  polyethylene through which 

s constant and known r a t e ,  One of the  tunnels i s  prov 

polyethylene bottom t o  prevent any migration of moisture from the 

surface of the  study i n t o  the  tunnel, The other tunnel is aRen a t  
8 

the  bottom, The measurement of evaporative f l ux  consis ts  i n  measuring 
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t h e  d i f f e r e n c e  i n  r e l a t i v e  humidity,  as measured w i t h  wet and dry 

r e s i s t a n c e  thermometers, between t h e  a i r  t h a t  f lows through t h e  c losed  

tunnel  and t h e  a i r  t h a t  flows through t h e  open tunne l ,  This d i f f e r ence ,  

when converted t o  mois ture  content  of t h e  a i r  m u l t i p l i e d  wi th  the  f low 

r a t e  through t h e  tunnel  provides t he  r a t e  of moisture t h a t  migrated 

from the  su r f ace  i n t o  t h e  a i r  s t ream per  u n i t  of time. 

By no t ing  t h e  d i f f e r e n c e  i n  a i r  temperature a t  t h e  beginning of 

t h e  open tunnel  and a t  t h e  end of t h e  open tunnel  and by mul t ip ly ing  

t h i s  d i f f e r e n c e  wi th  t h e  s p e c i f i c  hea t  of a i r  a.nd t h e  f low r a t e  i t  

i s  a l s o  poss ib l e  t o  o b t a i n  an e s t ima te  of t h e  s e n s i b l e  h e a t  t h a t  i s  

t r a n s f e r r e d  from the  s u r f a c e  i n t o  t h e  a i r  o r  v i c e  v e r s a  a s  t h e  case  

may be..\ The flow r a t e  i s  determined by means of a P i t o t  tube i n  a 

p l e x i g l a s s  c y l i n d r i c a l  s e c t i o n  of t h e  flow pa th  which had been ca.l.5.- 

b ra t ed  previous ly .  By interchangi.ng sensor  elements and hose connec- 

t i ons ,  b i a s  t h a t  might o r i g i n a t e  from sys temat ic  d i f f e r e n c e s  i n  tempera.- 

t u r e  i n d i c a t i o n  o r  i n  a i r  flow through t h e  two s e p a r a t e  tunnels  i s  

avoided. Measurement of t h e  temperature i s  made cont inuously a t  f requent  

i n t e r v a l s  and an appara tus  has been cons t ruc ted  t o  o b t a i n  a record of 

t h e  temperature i n  d i g i t a l  form by means of a s e l f -ba l anc ing  p o t e n t i -  

ometer, a decimal d i g i t i z e r  and a Clary paper t ape  p r i n t e r ,  The a i r  

f low through t h e   system i s  obtained by means of a vacuum c l eane r .  

The e n t i r e  appara tus  i s  p o r t a b l e  i n  t h e  sense t h a t  it i s  not  

parmanently t i e d  down t o  any s i t e .  On t h e  o the r  hand it  c o n s i s t s  of 

a number of components and 110 AC power i s  requi red  f o r  i t s  ope ra t ion ,  

Nevertheless,  u s ing  a s u i t a b l e  genera tor  and provided access  wi th  a 

v e h i c l e  i s  p o s s i b l e  t o  t h e  s i t e  of measurementj t h i s  apparatus  could 

- 183 - 
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e $n a g r e a t  number of l o c a t i o n s  and the  interpretation of the 

d a t a  i s  considerably simpler  than axlyrhing t h a t  would invoLve prof i Pe 

measurements and a p p l i c a t i o n  of t u rbu len t  t r a n s f e r  theory,  

Although t h e  theo ry  of the  equipment. involves a number o f  / 
assumptions which a r e  reasonable and a r e  d iscussed  t o  s m e  exten  

t h e  a r t i c l e  l i s t e d  above, t h e  c r u c i a l  aspec t  i s  whether o r  nos t. 

5 

evaporat ion and s e n s i b l e  hea t  f l u x  of t h e  a r ea  under study will he 

apprec iab ly  inf luenced  by t h e  presence of t h e  appara tus  and by 

a r t i f i c i a l  c r e a t i o n  of a u n i d i r e c t i o n a l  a i r  flow of cons tan t  v c l ~ % a j  r;# 

over t h e  su r f ace .  While i t  i s  p o s s i b l e  t o  t h e o r i z e  on t h i s  pa r t  a"%-i*?,ar 

ques t ion  i t  was f e l t  t h a t  i t  would be very  much wortbwhfle t o  ccmjiare 

measurements obta ined  wi th  the  fluxometer direcb-ly wi th  those xhar 

were obtained by means of t h e  lys imeter  insta.l.l.arsion a t  t h e  U, %, 

Water Conservation Laboratory, I f  such s t u d i e s  would ind ica t  L-a>r,n- 

a b l e  agreement between t h e  two types of measurements and satibfac-rnuy 

ope ra t iona l  c h a r a c t e r i s t i c s  of t h e  apparakus, t h e  technique w o ~ f d  

c e r t a i n l y  warrant  f u r t h e r  s tudy  and p o s s i b l e  appJ.ication. 

PROCEDURE : 

In  coopera t ion  wi th  D r .  S e l l e r s  of che I n s t i t u t e  of: Atmospheric 

Physics a s e r i e s  of simultaneous measurements was arranged on 

September 11 through 14, 1961 on t h e  Sysimeter f i e l d .  A t  t h e  o~ izd i? t  

on September ll the  e n t i r e  f i e l d  was q u i t e  dry  and t h e  equipmeos was 

s e t  up f i r s t  wi th  t h e  open tunrlel on one Pgsimeter arid fdter i o  ~ 5 e  

day w i t h  bo th  tunne l s  on an  a r e a  c l o s e  t o  one of the  ly s ime te r s ,  On 

September 12  t h e  ly s ime te r s  were wetted w$ch 30 mm of water ,  Two 

equal  a reas ,  which were loca t ed  over h e a t  Elow d i s c s  burfed i n  t h e  
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field, were also wetted by means of rectangular shees: metal dk\~iders 

with 30 mm of water, After this water had disappeared from the surface 

a series of simultaneous measurements was made s t a r t f n g  at ahout 120 

on September 12 and continued until 0100 the next morning and resumed 

at 0640 until 1140 on September 23, At that time a severe dust sts 

and rainstorm interrupted the measurements, At she same oecesLo 

considerable amount of rainfall averaging about E mm fell an the area, 

The next morning on September 14 measurements were resumed, The area 

had been unifozrmly wetted the day before and the soql id not visfbl.y 

dry out until the earlier part of the afternoon, The lysfmeters were 

somewhat slower in indicating dryness of the surface Layer, These 

measurements were carried out until approximately 3700 of Seprember 34. 

During the period of observations w i ~ h  the f l u  meter t h e  lysheter 

weight was recorded every 5 minutes. In addition, net radiation was 

measured over one of the lysimeters and over the  o 

fluxometer, Also, heat flux in the soil at a 5 c m  

lysimeter and under the fluxometer was recorded as well as incoming 

solar radiation as measured with an Eppley and rke i rec t P OE and speed 

of the wind at 1 m height, 

Data obtained under dry soil conditions on 

rather limited. The first part of the data ieh was obtained w i t h  

t h e  open tunnel on the lysimeter was not consi  sx-iS.ab%e because 

of the presence of the lysimeter rim and the Fact ~ h a e  the lysfmeter 

was actually somewhat higher than the surrou 

these fa,cts with the artificial air flow t 

Annual Report of the U.S. Water Conservation Laboratory



f e l t  t h e  a i r  sampled by t h e  tunae l  would no t  be  representa t lv-e  of khe 

a i r  ac tua l lay  p re sen t  ovex aa undisturbed lysianeter,  For a per ioa  ok  

approximateLy 2 hours comparative d a t a  between t h e  Zyslmeter and 

fluxometer i n  an ad jacen t  a r e a  were obta ined ,  Shese dasa  gave an 

evaporat ion r a t e  vary ing  f r m  0.2 mm per hour t o  &out 6 , l  m per  hour 

w i th  t h e  f luxometer  whereas t h e  lys imeter  i nd ica t ed  an evaporat ion 

r a t e  vary ing  from 0 , l  m per  hour t o  zero mm pe r  hour,  'She re1at:E:ve 

.-. d i f f e r e n c e  between t h e  two fndfcablions i s  l a r g e  bu t  i n  terms of ".. 
\ 

abso lu t e  amounts and i n  view of: t h e  p rec i s ion  o f  both methods f x s  i s  

f e l t  t h a t  t h i s  discrepancy i s  noz n cessarily t o o  s e r i o u s ,  On the  

o t h e r  hand +1-;2.diation ba lance  obtained over t he  Eysimeter fadica-ted a 

-1 - 1 
h e a t  flow i n t o  t h e  a i r  vary ing  between 0,% Py min and zero  Jy mi.n 

- 1 
whereas t h e  fluxometer indica.ted valsles between 8,5 i y  nkn and 

-a 
0 - 2  l y  min There a r e  re la t - ive ly  l a r g e  va lues ,  ccamptiblle with t h e  

dryness  of t h e  s o i l  and t h e  'high r a t e  of r a d i a t i v e  f l u x ,  and must be 

considered a c o n s i s t e n t  and s e r i o u s  discrepancy between the  two 

methods of measurement. 

Oh t h e  second and t h i r d  day of t h e  experimenk (September 12  and 

13) mme r e p r e s e n t a t i v e  d a t a  were obtained.  Neasurernenks were s t a r t e d  

around the  noon hour on September 12  a f t e r  t h e  a r e a s  of measurement 

had been wetted.  Measuxements were i n t e r r u p t e d  f o r  appoximate'Ly 

7 hours dur ing  t h e  n i g h t  between t h e  12th  and 13 th ,  The fluxometes 

appara tus  was working without  d i f f i c u l t y  and a continuous record was 

obtained on the  r a d i a t i o n  h e a t  f l ux ,  windspeed and eva.poration from 

t h e  lys imeters .  
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The rad ia t ion  and heat  f l u x  dam, which are qot gkvea jn d e t a i l  
i 

here, demonstrate t h a t  the re  i s  l i t t l e  i f  any sigwifjeanr d i f ference  

i n  the  ne t  r a d i a t i o n  over the  lysfmeters and over  the s o f l  that was 

covered with the  fPuxcmeter, Thts would tend So Indieace thac the 

presence of the  fluxometer does not a f  e c t  the r a d i a t i o n  balance new 

the  p a r t  of ne t  r ad ia t ion  whEch I s  used f a r  heacing of the  s o f l  o r  

v i c e  versa ,  A comparison o f  t h e  evaporative f l u x  a s  rained by t h e  

two methods is  presented i n  P i p r e  l a  The open. e f r e l e s  represent the  

evaporation r a t e s  i n  miElimeters per hour a s  ewatuated every 15 minutes 

from the  smooth Iysimeter record, The so l fd  circles ind ica te  t h e  d a m  

computed from the  fBuxmeter ,  PIwre 3 shows a reason 

agreement even though i t  i s  o b ~ i o t i s  t h a t r  as a whol,e, the  f l u x m e t e r  

gives data  t h a t  a r e  Power than the  Pysimecer f i g a r e s ,  This t 

becomes p a r t i c u l a r l y  obvious during periods s f  higher windspeed when 

advected energy might be used for evaporation, This e f f e c r  fs 

particuZaxly not iceable  during the period between 0908 and $1 

September 13, A s  the  wind record indicates ,  a very sharp increase 

i n  wind preceding the  r a i n s t o m ,  whleh occurred at 1130, caused a 

very sharp r i s e  i n  the  evaporation r a t e  es neamced from  he 

lysimeter. Radiation was unaffected u n t i l  approxinakely 1130, A.lss, 

as the  windspeed declined a t  1100, j u s t  p r fos  t o  the  onset  of the  

stormq the  evaporat%on from the  lyaimeter reacted i m e d f a t e l y  wf.kh a 

i k  decl ine ,  g2ualitacS:vely, the  fPuxometer daca show the s m e  

trend but  during the  high evaporation perfod a very Large diserepsney 

occurred between the lysimeter  and f l u x m e t e r  da ta ,  To a lesser ,extenk,  

s imi la r  behmior  may be as ted  during the  evening o f  Seprember 1% 

Annual Report of the U.S. Water Conservation Laboratory



between t h e  hours of 2000 and 2200, A p l o t  of t h e  s e n s i b l e  &ear f l u x  

i n  t h e  a i r  a s  measured d i r e e t l y  wi th  t h e  flu.xometer ( s o l i d  c i r c l e s )  

and as found by d i f f e r e n c e  from the  lys imeter  evapora t ion  d a t a  and t h e  

r a d i a t i o n  ba lance  i s  given, t oge the r  w i th  t h e  windspeed, i n  Figure 2, 

The r e l a t i v e  d i sc repanc ie s  between t h e  f luxometer  d a t a  and ly s ime te r  

d a t a  a r e  q u i t e  a b i t  l a r g e r  than  i n  F igure  I,  It seems aga in  as i f  

t h e  fluxometer d a t a  do no t  r e f l e c t  ehanges i n  s e n s i b l e  h e a t  f l u x  t h a t  

a r e  a s soc i a t ed  wi th  changes i n  windspeed, This i s  most ev ident  on 

t h e  d a t a  of September 13, 

The d a t a  of September l 4  should have been t h e  b e s t  of t h e  e n t i r e  

s e t  s i n c e  t h e  f i e l d  was uniformly wetted by 10 mm r a i n ,  Unfortunately,  

t h e  fluxometer equipment was no t  working very  w e l l  and condensation 

had a l s o  occurred i n  t h e  tub ing ,  Therefore,  a l imi t ed  amount of good 

d a t a  were obta ined  on t h i s  day and they a r e  not  presented  i n  a 

continuous manner a s  was done f o r  t he  12th  and 13th. A s m a r y  of 

hour ly  d a t a  f o r  a l l  f o u r  days, inc luding  those  f o r  t h e  14th  t h a t  were 

considered r e l i a p l e ,  a r e  given i n  F igure  3 ,  I n  t h i s  f i g u r e ,  t h e  

evaporat ion measured wi th  t h e  f luxometers  i s  compared wi th  that 

measured wi th  t h e  lys imeter .  Again t h i s  f i g u r e  eonfirms t h e  notion. 

t h a t  even though t h e  two methods a r e  i n  genera l  agreement, t h e  

i nd iv idua l  dev ia t ions ,  even f o r  hour ly  periods,  may be  l a r g e ,  With 

two except ions,  fluxometer d a t a  a r e  genera1l.y lower than  those  

~ b t a i n e d  wi th  t h e  ly s ime te r ,  I n  o rde r  t o  make another  comparison, 

t h a t  i s  no t  d i r e c t l y  a f f e e t e d  by t h e  evaporat ion from t h e  E.ysimeters, 
- -- - "< - - -- 
a p l o t  i s  shown i n  F igure  4 of t h e  n e t  r a d i a t i o n  over  t h e  fluxometer 

a s  compared t o  n e t  r a d i a t i o n  over t h e  lys imeter ,  This  shows, i n  
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conformity w i t h  an e a r l i e r  s ta tement ,  a f a i r  agreementa There i s  a. 

s l i g h t  tendency f o r  lower n e t  r a d i a r i o n  over rhe  fluxomezer sban over  

t h e  lys imeter ,  Im Figure  5 p l o t  i s  made of t h e  sum of seaa i%%e h e a t  

f l u x  and evapora t ive  f l u x  a s  measured by t h e  f luxometer  and t h e  sum 

of n e t  r a d i a t i o n  and h e a t  flow i n t o  s o i l  a s  measured over  t h e  

lys imeter ,  This  p l o t ,  9.n conformity wi th  F igure  3, shows a genera l  

agreement b u t  i n d i v i d u a l  l a r g e  d i sc repanc ie s ,  

It may be  argued thaS condi t ions  over t he  ly s lme te r  and over t h e  

f i e l d  where the  f luxometer  was loca ted  might n o t  have been exac t ly  

t h e  same. Indeed i t  i s  p o s s i b l e  t o  t h ink  of a more i d e a l  cond i t i on  

under which t h i s  cornpaxison cotlld have been made such a s  fol lowing 

a heavy i r r i g a t i o n  o r  r a i n .  Nev$rtheLess, i t  is f t t h a t  most of  

the  evidence p o i n t s  t o  t he  f a c t  t h a t  t h e  fPuxometer i s  unable t o  

fo l low changes i n  evapora t ion  and i n  s e n s i b l e  h e a t  f l u x  t h a t  a r e  

d i r e c t l y  a t t r f b u t  l e  t o  changes i n  windspeed and poss ib ly  i n  forced  
r n r  i 

convect ion o r  wind induced tu rbu len t  t r a n s f e r ,  Even though t h i s  may 
. i -ap 

be p a r t i a l l y  overcome by a d j u s t i n g  the  a i r  speed i n  t he  f luxometer  

tunnel ,  i t  i s  d i f f i c u l t  t o  s e e  how t h i s  can be done ob jec t ive ly  

dur ing  t h e  course  of measurement, The conePusfon i s  drawn a t  t h i s  

t ime  t h a t  t h e  f luxometer  technique may be  u s e f u l  when i t  i s  n o t  

p o s s i b l e  t o  make another  type of evalua.ti,on of evapora t ive  f l u x ,  On 

t h e  o the r  hand t h e  d a t a  w i l l  have t o  be looked a t  wi th  cons iderable  

saut ion.  Also, i t  seems d e s i r a b l e  i n  t h e  f u t u r e  t o  r e p e a t  a comparison 

of t h i s  kind under cond i t i ons  t h a t  leave  as l i t t l e  doubt a s  possfbEe 

a s  t o  t he  meaning of t h e  d i sc repanc ie s  t h a t  might be  f0un.d between 

t h e  two methods. 
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Figure 1. Evaporative flux as measured with  the  lysimeters and a fluxometer. 
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Figure 3 .  Comparison of hourly values of evaporation as measured 
fluxomete2. Annual Report of the U.S. Water Conservation Laboratory



Figure  4 .  Comparison of n e t  r a d i a t i o n  over the  lysimerers  and the  fluxometer is hourly 
averages f o r  t h ree  days,  
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igure 5. Comparison of sum of evaporative an eter to 
soil heat f bta 
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The l y s h e t e r s  and sur roundmg f i e l d  were kepr ba re  d u r t ~ g  1 % ~ ~  

Severa l  we t t i ng  and dry ing  cyc l e s  were s tud ied  more o r  l e s s  i r s  detalr, 

Moisture content ,  p r e s su re  potenl l ia ls ,  temperature,  and sol!. $eaL f l u x  

were no t  m a t e r i a l l y  d i f f e r e n t  i n  t h e  lgs imeters  than i n  the  surrounding 

s o i l ,  The dra inage  system and weight record ing  system, perfor~ked 

s a t i s f a c t o r i l y ,  

Dai ly t o t a l s  of evaporat ion fol lowfng i r r i g a t i o n  showed a phsse  

of dry ing  dur ing  which t h e  accumulated water  l o s s  was p rops r r fonz t  to 

t h e  square r o o t  of time. However, during prolonged dry ing  cyc les  ahe 

d a i l y  t o t a l  assum.ed a near-constant  va lue  of around 1 m per dayo A t  

any s tage ,  evaporat ion showed a pronounced d s f l y  v a r i a t i o n ,  approxl-  

mately i n  phase wi th  s o l a r  r a d i a t i o n ,  Nfghttfme va lues  were messurabke 

immediately a f t e r  we t t i ng  b u t  became n e a r  zero when t h e  s u r f a c e  was 

q u i t e  d ry ,  

A comparison between a fEuxometer technique f o r  measuring evapo- 

r a t i o n  and s e n s i b l e  h e a t  f l u x  and lys imeter  d a t a  i n  Septenber showed 

q u a l i t a t i v e  agreement. However, t h e  e f f e c t  of wind on t h e  f l u x  of 

vapor and h e a t  was no t  accu ra t e ly  accounted f o r  by t h e  fluxameser 

technique,  

PERSONNEL: C. H. M. van Bavel, R,  J ,  Reginato, L. 3 ,  Prftsckaen, 

J, L. Mack ty re ,  J ,  Evans, K. Mullins,  A, Sandeeki 
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TITLE: SOIL TREATMENT TO REDUCE 'ICNFZLWTION AND INCREASE PRECIPITP  

RUNOFF 

LINE PROJECT: SWC 4-gG 3 

INTRODUCTION : 

See Annual Report - 1960, 

PROCEDURE : 

Procedures were the same as outl ined i n  the 1960 Annual Report 

except as follows: 

I n i t i a l  screening of water repel lent  materials  is  done i n  5 inch 

diameter p e t r i  d ishes ,  So i l  i s  l i gh t l y  compacted i n  the dishes, t r ea ted  

with the material  under t e s t  and dr ied ,  Water repellency i s  then t es ted  

by placing drops of water on the s o i l  surface,  This simple procedure, 

which seems adequate, g rea t ly  reduced the amount of work required t o  

screen water repe l l en t  mater ia ls .  

Measurement of i n f i l t r a t i o n  and detention of water sprayed on the 

30 x 30 inch s o i l  t rays  was determined by weighing the t rays  before and 

a f t e r  spraying, Previous measurements based on the di f ference between 

water applied and runoff were not su f f i c i en t l y  accurate because of 

d i f f i c u l t i e s  i n  measuring the water applied,  

One 5 x 20 foot  f i e l d  plot  was covered with butyl  rubber sheeting 

to  serve as  a 100 per cent runoff standard fo r  comparison with the 

other  p lo t s ,  

Construction of 50 x 50 foot  f i e l d  t e s t  p lo t s  was begun, These 

p lo t s  a r e  on a 5 per cent  slope and dra in  i n to  individual  p l a s t i c  

l ined temporary holding rese rvo i r s ,  Water is  drained from the rese r -  

vo i r s  by f ibe rg lass  wrapped perforated p l a s t i c  pipe and i s  measured 
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by standard household type water meters, One p lo t  i s  covered with 

butyl  rubber sheeting and i s  used as a 100 per cent ruatoff standard 

fo r  ca lcula t ing the effectiveness of the other p lo t s  with lower cost  

treatments. 

RESULTS AMD DISCUSS ION: 

A number of materials  have been evaluated since the 1960 repor t ,  

Most of them have proven unsat is factory .  The bes t  mater ia ls  evaluated 

t o  date a re  an asphalt  emulsion designated as S-l, and two water r e p e l -  

lent  materials  designated as R - l  and R-9, We have not found any s ing le  

material  which both s t a b i l i z e s  and waterproofs s o i l  f o r  cos ts  as low as 

those obtained by applying separate s t a b i l i z e r s  and water repe l l en t s ,  

Our basic treatment consis ts  of separate spray appl ica t ions  of a so91 

s t e r i l a n t ,  a s o i l  s t ab i l i z e r ,  and a water repe l l en t ,  No invest igat ion 

of s o i l  s t e r i l a n t s  has been made and we have r e l i e d  upon the work 02 

other invest igators  . 
So i l  s t ab i l i z a t i on :  Several materials ,  such as $ormulatiom faeluding 

calcium acry la te  o r  sodium s i l i c a t e ,  were tes ted  and found unsat is -  

factory because of excessive cracking and shrinking upon drying, 

Information obtained from manufacturers indicated tha t  o ther  materials  

advert ised f o r  s o i l  s t a b i l i z a t i o n  would be unsuitable f o r  water har- 

vest ing because of shor t  l i f e  o r  high cos t ,  Asphalt emulsion remains 

the bes t  mater ia l  we have tes ted ,  although some questions concerning 

It have not ye t  been answered, 

The optimum appl ica t ion r a t e  of S-l is  dependent upon a number 

of fac to rs  including porosity of the  applied coating,  This was i m e s -  

t iga ted  by applying the material  a t  various r a t e s  t o  the surface of 
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a wet sandy loam s o i l  i n  3 inch diameter p l a s t i c  cyl  

measuring the r a t e  of evaporation of water from the 
g 

s o i l  was uniformly compacted t o  a 5 inch depth i n  the 6 in& t a l  l 

cylinders and the same amount of water was applied t o  the s o i l  Fn a l l  

cylinders before treatment. After treatment the cylhde&~'werei~ 
: fi 

0 
placed i n  a forced d r a f t  oven a t  40 C and weighed a t  in te rva l s ,  The 

posi t ion of the cylinders within the oven was changed every 24 hours, 

Cumulative weight loss,  as a d i r ec t  measure of evaporation, i& shown 

2 
i n  Figure 1, An appl ica t ion of 0,lO l b / f t  produced a coating which 

was only s l i g h t l y  porous. 

Water running off  s o i l  t r ays  t r ea ted  with S-1 was observed t o  

be colored from a l i gh t  yellow t o  a dark browno The discolorat ion,  

believed t o  be oxidation products of S-1, can be removed by f i l t e r i n g ,  
. , 

No t a s t e  o r  odor could be detected,  Judicious inqu i f i es  have revealed 

t ha t  t h i s  d iscolora t ion i s  common i n  water which flows i n  small 

amounts over exposed asphal t .  A commercial f i rm i s  current ly  con- 

ducting invest igat ions  concerning the oxidation products of asphal t  

emulsions. We believe t ha t  the only object ion w i l l  be on e s t h e t i c  

grounds but a r e  developing a s o i l  treatment which should e l i p ina t e  

any discolorat ion.  (: -. 

The durab i l i ty  of t h i n  coatings of asphalt  emuls$ons is  a major 

question regarding t h e i r  own use fo r  long-term s o i l  s t ab i l i z a t i on ,  

A 5 x 20 foot  f i e l d  plot  t rea ted January 5, 1961, with S-1 a t  0,05 

2 
l b / f t  and 8-1 a t  200 lb /acre  i s  s t i l l  s t ab i l i z ed  by the asphalt  

over one year l a t e r  although noticeable de te r io ra t ion  habcoccurred, 

L "  

This r a t e  i s  only half t ha t  used now, So i l  t rays  t r e a tdk 'w i t i  the 
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2 
0.1 l b / f t  r a t e  have shown no s i g n i f i c a n t  d e t e r i o r a t i o n  a f t e r  one year  

of exposure. The year  o ld  f i e l d  p lo t  s t i l l  produces t en  times as  muc 

runoff as  unt rea ted  s o i l ,  which i s  about what i t  produced when new. 

Water r e p e l l e n t s :  Many r e p e l l e n t s  have been t e s t ed  and mpst of them 

w i l l  make s o i l  water r e p e l l e n t .  The e f fec t iveness  on d i f f e r e n t  s o i l s  

is  va r i ab le  and t e s t s  must be made on s o i l  samples from proposed 

i n s t a l l a t i o n  s i t e s ,  The f i r s t  r e p e l l e n t  tes ted ,  a f a t t y  quatenary 

ammonium s a l t  designated R-1, i s  s t i l l  one o f  the  bes t  fo r  our s o i l s ,  

The optimum r a t e  of app l i ca t ion  i s  primari ly a funct ion  of the  s p e c i f i c  

surface  a rea  of the  s o i l  and should be determined f o r  each s o i l ,  

F ie ld  p l o t s :  Treatments applied t o  the 5 x 20 p l o t s  a r e  l i s t e d  i n  

Table 1, Plot  2 was covered with bu ty l  rubber a f t e r  i t  became apparent 

t h a t  treatment R-4 had f a i l e d .  Similarly,  Plot  3 was used as  an un- 

t r ea ted  check u n t i l  9-15-61 when i t  was t r e a t e d  with S-1, Runoff 

da ta  from the  5 x 20 foot  p l o t s  a r e  presented i n  Table 2 ,  It should 

be pointed out  t h a t  these a r e  primari ly weathering p lo t s ,  with more 

than one treatment on some p l o t s ,  The slope is  l e s s  than 3 per cent  

and the so i l  surface  i s  rough. Runoff from these same treatments 

w i l l  be considerably higher i f  the  s o i l  sur face  i s  smooth and has a 

g r e a t e r  s lope.  

The 50 x 50 foot  f i e l d  p l o t s  had not been completed as  of 

January 1, 1962, An unt rea ted  p lo t  and one covered with 15 m i l  

bu ty l  sheet  were completed, Treatment of a t h i r d  p lo t  was begun 

but  was disked and reshaped because the  o r i g i n a l  surface  was much 

too rough, A 26 foo t  tapered f i b e r g l a s s  spray boom was designed 

and constructed t o  apply sprayable mater ia ls ,  including asphal t  
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emulsions, to water harvesting areas. The boom was field tested and 

worked very well for applying materials in a uniform 25 foot swath at 

a rate of 50 gallons per minute, All materials applied to the 50 x 50 

foot plots will be applied with this boom, 

SUMMARY AND CONCLUSIONS: 

Data from laboratory and field tests indicate that the soil sta- 

bilizing and waterproofing treatments now under test will last well 

over a year under our conditions of climate and soils, Asphalt emul- 

sions remain the best low-cost soil stabilizing materials we have 

tested, One 5 x 20 foot field plot is still producing ten times as 

much runoff as untreated soil a year after initial treatment, even 

though the treatment material was applied at one-half the rate we 

are now using . 
Some problems remain, Runoff water from the asphalt plots is 

sometimes discolored and this problem is under study, Weathering 

properties of the treatment are not completely evaluated. Findings 

to date indicate, however, that the present treatment may already be 

suitable for operational use on water harvesting installations for 

stock water supplies, 

PERSONNEL : 

L. E, Myers, 6 .  W, Frasier, C, L, Jenson. 
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-..b.., 

Table 1. Treatments applied to 5'x 20' test plots at Granite Reef. 

Plot 

1 

2A 

2B 

3A 

1 

3 B 

4 

5 

Date 

1-5-61 

Treatment 

R-4 (a) 235 lbslacre 

R-4 (b) 113 lbs/acre 

30 mil butyl rubber 

Untreated 

Re-treated with R-1 100 lbs/acre 

2 
S-1 0,10 lb/ft upper half 

2 
S-1 0.20 lb/ft lower half 

Untreated 

2 
S-1 0.10 lb/ft upper half 

2 
S-1 0.05 lb/ft lower half 

R-1 100 lbs/acre right h a  
/" 
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Table 2. Runoff d a t a  from 5 ' x  20' p l o t s  a t  Grani te  Reef. 

11 
Tota l  

i n  

0,75 

0.63 

0.17 

0.22 

0.25 

0.55 

0.28 

0.05 

0.10 

0.03 

0.12 

0.08 

0.41 

0.41 

1.02" 

Rainf 
n t e n s i t y  

i n l h r  

.15 

.40 

.08 

.25 

-06 

.08 

.02 

-02 

.02 

-20 

. l o  

. l o  

.15 

Plot 
Run - 
i n  

a 166 

-209 

,129 

.561 

-29 

,024 

.064 

-032 

.072 

.072 

* 44 

.44 

.093 

n o t  . 
Runo 
i n  

.03 

.02 
U 

.d 

.032 

-018 

' l o t  - 
Runt - 
i n  

,032 

,040 

,161 

,161 

,353 - 

Run 
i n  

-41  

.25 

-022 

.12 

.008 

.290 

.032 

.016 

-002 

.016 

.064 

,064 

-369 
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Figure 1. maporation from a s o i l  surface treated w i t h  asphalt emulsion S-1. Annual Report of the U.S. Water Conservation Laboratory



TITLE: ANALYZIMG CZ.0 

AM&OGS 

LINE PROJECT: SWC 4-gG3 ODE: Ariz,-WCL-15 

INTRODUCT I O N  r 

The conditions under which ground--water munds may be 

diss ipated a re  qu i te  var ied ,  rvlcPunds may r i s e  and spread above o r i g ina l  

water tables  i f  sa tura ted mater ia l  i s  already present ,  E ~ a t u r a l  water 

tables  a r e  i n i t i a l l y  not o c ~ u r r i r " , ~  rn0un.d~ may form above impermeable 

s t r a t a ,  In layered so i l s ,  perched mounds w i l l  d evehp  above layers of 

reduced conductivi ty,  These layers may be continuous o r  discontinuous 

( lenses) ,  Zf there  i s  i n t e rna l  drainage, s t ab l e  o r  equilibrium mounds 

can develop, In the absence of drainage below the water table,  moun.ds 

can r i s e  u n t i l  the e n t i r e  s o i l  i s  sa tu ra ted ,  The geometry of the flow 

configurations can be two-dimensional, r a d i a l  o r  i r r egu l a r ,  The 

systems can be of r e s t r i c t e d  o r  e s s en t i a l l y  unres t r i c ted  l.afieral and/ 

o r  v e r t i c a l  ex ten t ,  The o r ig ina l  water tab" e r  layers of reduced 

conductivity upon which ground-water mounds may be formed, can be 

horizontal  o r  sloping. 

So i l  proper t ies  of d i r ec t  importance ia the behavisr o 

a r e  the hydraulic conductivity and the f i l l a b l e  and drainable poro- 

s i t y ,  In  addi t ion t o  non-uniform conditions of hydraulic conductivity 

such as layered s o i l ,  s o i l s  may be anisot ropic  with the horizontal  

conductivity usually exceeding the v e r t i c a l  ~ o n d u ~ t f v i t y  The f i l l a b l e  

porosity may be l e s s  i n  the region below the recharge area  o r  o ther  

percolat ion areas than outs ide  t h i s  area ,  Because of hys te res i  s, 

the drainable pbrosity may be l e s s  than the f i l ' l ab le  peorosity, The 
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r a t e  with which water moves downward t o  the ground-water mound may 

not  be uniform but may vary with respect  t o  locat ion as well as t o  

time. Decreased recharge r a t e s  may occur under conditions of 

prolonged inundation of spreading areas ,  

Theoretical  procedures fo r  analyzing formation, d i s s ipa t ion  and 

equilibrium posi t ions  of ground-water mounds below spreading o r  o ther  

source areas, should preferably be able t o  cope with the spectrum of 

conditions discussed i n  the previous paragraph, One too l  t ha t  could 

take the various complexities and non-uniformities i n to  account i s  

the e l e c t r i c a l  r es i s t ance  network analog, The more important aspects  

of techniques fo r  analyzing mound behavior by means of an e l e c t r i c a l  

r es i s t ance  model of the  flow system w i l l  be discussed i n  t h i s  repor t ,  

For a complete descript ion,  reference i s  made t o  ( 4 2 ) ,  

The i n i t i a l  insp i ra t ion  fo r  t h i s  project  was furnished by the 

severe l imi ta t ions  of the  horizontal-flow theory, which has formed 

the bas is  of several  mathematical treatments of ground-water mound 

behavior, A conference on t h i s  subject  was held i n  Fort Collins, 

December 20-21, 1960, with represeatatisyes of the Western So i l  and 

Water Management Research Branch of SWC-ARS-USDA, the U. S, Bureau 

sf Reclamation, and the U, S, Geological Survey. 

PROCEDURE r 

, The technique fo r  analyzing ground-water mounds with a r e s i s -  

tance network w i l l  be discussed fo r  media with uniform porosity, 

s implif ied hydraulic conductivity charac te r i s t i c s ,  and two-dimen- 

s iona l  systems. The same pr inciples  can be applied, however, t o  

analyze ground-water mound behavior under more complex conditions 
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and/or ax ia l ly  symmetrical cases,  The discussion of the procedure 

w i l l  s t a r t  with s t ab l e  o r  equilibrium mounds, t o  be followed by 

moving mounds and approximate equations t o  predic t  the r a t e  of r i s e  

o r  f a l l  of the center  region of the mound above an o r i g ina l  water 

table .  

Stable mounds, Stable-mound conditions can develop i f  there 

i s  some form of escape fo r  the water below the water t ab le  o r  some 

control  l eve l  above which the water t ab le  can not r i s e .  Stable 

mounds may develop above semi-permeable perching layers,  above dis-  

continuous impermeable lenses, i n  the v i c in i t y  of pumped wells, o r  

i f  drainage in to  other  basins o r  outcrops of water tables  i n  sloping 

f i e l d s  o r  na tu ra l  channels provide some maximum leve l  of the water 

table  above which the water t ab le  can not r i s e ,  

The problems t o  be solved fo r  s t ab le  mounds may consis t  of the 

equilibrium recharge r a t e  a t  a given height of the  center  of the 

mound, o r  the equilibrium posi t ion of the mound fo r  a c e r t a i n  re -  

, charge r a t e .  The f i r s t  question, which may a r i s e  i n  connection with 

evaluating recharge po ten t ia l s  of ag r i cu l t u r a l  areas (maximum recharge 

without water logging), i s  solved by s e t t i ng  up an e l e c t r i c a l  model 

of the  conductivity conditions on the analog board, Since the posi- 

t i on  of the  mound i s  only known a t  the center, assumed elevations 

a r e  used Tor the r e s t  of the mound, The input currents  representing 

recharge a r e  adjusted according t o  the desired recharge d i s t r i bu t i on  

while maintaining the proper voltage a t  the mo.und'center, When the 

desired recharge d i s t r i bu t i on  i s  obtained, the e l e c t r i c a l  po ten t ia l s  

a t  the other network points  representing the  water t ab le  mound are  
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measured, These po ten t ia l s  should correspond with the assumed values 

f o r  the e levat ion of the mound, Since complete agreemeDc wil l  usually 

not occur a t  the f i r s t  t r i a l ,  a second assumed shape must be assumed 

and the second measured voltages a r e  compared with the second assumed 

e levat ions ,  This process i s  repeated u n t i l  agreement between assumed 

and measured values i s  obtained. 

The second question may a r i s e  i f  i t  i s  desired t o  evaluate the 

e f f e c t  of know recharge r a t e s  on the shape of rhe water t ab le ,  This 

problem may be solved by evaluating the equilibrium recharge r a t e  fo r  

a number of mound posit ions i n  accordance with the previous procedure 

and determining the mound posi t ion a t  the desired recharge r a t e  by 

in te rpo la t ion ,  It i s  a l so  possible t o  solve t h i s  problem by s e t t i ng  

up an e l e c t r i c a l  model of the system, using assumed elevations fo r  the 

e n t i r e  water t ab le  mound. Currents representing the desired recharge 

r a t e s  a r e  then applied t o  the  network points and the corresponding 

e l e c t r i c a l  po ten t ia l s  along the  water t ab le  are measured. These 

po ten t ia l s  should correspond t o  the assumed elevations of the  water 

t ab le .  Since the measured po ten t ia l s  wf l i  usually d i f f e r  a t  f i r s t ,  

a second assumed shape of the mound i s  represented on the analog and 

the procedure i s  repeated u n t i l  the difference between the l a s t  

assumed and the l a s t  measured shape of the  mound i s  su f f i c i en t l y  

small. 

Moving mounds a re  solved as  a succession of 

steady mounds, The c r i t e r i o n  fo r  solut ion i.s t ha t  the v e r t i c a l  

distance of r i s e  fo r  any point of the  mound between time t and 
i 

ti+l i s  equal to  the average of the ve loc i t i e s  of r i s e  a t  t and 
i 
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i+l times the time increment t 
i+l - t io This c a l l s  f o r  a t r ia l -and-  

e r ro r  procedure whereby assumed values a re  used fo r  the mound a t  t 
f-6-l 

a f t e r  the mound a t  the previous time t has been determined, The 
i 

assumed values f o r  the mound a t  t a re  then adjusted u n t i l  the above 
i+l 

c r i t e r i o n  i s  met. With t h i s  procedure, the "s tar t ing"  mound a t  t 
o 

must be known, In  case of the moving mo$d, t h i s  can be the o r i g ina l  

water t ab le  o r  the r e s t r i c t i n g  layer abc~&% which the mound w i l l  be 

formed, 

The so lu t ion  of r i s i n g  mounds above impermeable layers or  

o r i g ina l  water tables  can be checked with the p r inc ip le  of cont inui ty ,  

In  the case of the r i s i n g  mound, t h i s  pr inciple  i s  t ha t  the volume of 

water between the mound a t  time t and the o r i g tna l  water t ab le  must 

be equal t o  the t o t a l  volume r a t e  of recharge times the period of 

time t ,  

Equations were developed t o  est imate the r a t e  of r i s e  

o r  f a l l  of the  center  of the mound above o r i g ina l  water t ab les  i n  

r e l a t i on  t o  the recharge ra te ,  the  f i l l a b l e  porosity, the hydraulic 

conductivity, the  width of the recharge f a c i l i t y ,  and the thickness 

of the sa tura ted mater ia l  below the o r i g ina l  water t ab le ,  The equa- 

t ions  a r e  based on three assumptions: 

1. The flow i n  the center  port ion of the mound above the o r i g ina l  

water t ab le  i s  v e r t i c a l l y  downward. 

2. The r a t e  of r i s e  of the water table  some distance away from the 

recharge f a c i l i t y  i s  negl ig ibly  small compared t o  the r i s e  of the 

center  port ion of the mound, 

3 ,  The o r i g ina l  water t ab le  i s  hor izonta l ,  
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According t o  the f i r s c  assumpticpi, the downward flow a t  the 

bottom of the mound where the orfgfnal  wacer t ab le  was located i s  the 

same as the downward flow a t  the top of the mound, According t o  the 

second assumption, the gradient  a t  the bottom of the mound where the 

o r i g ina l  water table  was located f s  d i r ec t l y  proportional t o  the 

pressure head a t  t ha t  point ,  Thus, fo r  a given system, the gradient  

per un i t  pressure head at: the bottom of the mound i s  a constant, This 

constant, which is  ca l l ed  I depends onLy 0on the  geometry o 
Q 

p r io r  t o  recharge, The fac to r  I was evaluated with the res i s t ance  
Q 

network i n  r e l a t i on  t o  the width W of the recharge f a c i l i t y  and the 

o r i g ina l  depth D of the sa tura ted mater ia l ,  For a given height of the 

center of the mound above the o r ig ina l  water table,  the downward flow 

veloci ty  i n  the center  i n  the mound can be calculated with Darcy's 

equation, i n  r e l a t i o n  to  the hydraulic conductivity K, the height H 

of the mound center  above the o r i g ina l  water table,  and IQ. The r a t e  

of r i s e  of the mound center  is then calculated a s  the difference 

between the recharge r a t e  Va and the r a t e  o downward movement be low 

the top of the  mound and dividing t h i s  d i f ference by the  f i l l a b l e  

porosity f above the mound, Rates of r i s e  of the mound center  calcu- 

la ted  with t h i s  pr inciple  were compared with r a t e s  of r i s e  determined 

by res i s tance  network analog, 

RESULTS AND DISCUSS I O N  : 

Stable mqnds, An example o f  an equilibrium mound above two 

perching layers i s  shown in Figure 1, The bottom of the Sower 

perching layer i s  assumed t o  be a t  atmospheri.c pressure,  A t  the 

#equilibrium mound posit ion,  the volume r a t e  of movement through. 
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the perching layers has become equal t o  the volume recharge r a t e ,  

The numbers on the  l e f t  and bottom of the s stem :,a FSgursse 1, represent  

un i t s  of length,  The equl.potentials a r e  expressed i n  the same length 

un i t s  and r e f e r  t o  the bottom of the I.ower: percb.img :layers, The 

streamlines were sketched as orthogonals t o  the equipotent ia ls ,  The 

network i n t e rva l  A i.s m e  length ~ a 9 . t ~  The width W of the recharge 

area i s  15 length un i t s ,  The recharge r a t e  V i s  one-half the eonduc- 
a 

t i v i t y  of the more permeable mater ia l  above the perching layers,  thus 

the recharge gradLen.& i s  8,.5, 

An equilibrium mound above a di.scsntiauous i.mpermeable layer i s  

s h m  i n  Figure 2.  The soil* above the  impermeable layer  i s  considered 

anisot ropic  with the horizontal permeability equal t o  four times the 

ver t i ca l .  permeability, The recharge r a t e  i s  taken as 8 , 5  I(, 
ve r t i c a l  

and i t  i s  assumed t ha t  the water s p i l l s  f ree ly  Q the edge of the 

impermeable Payer i n to  unsaturated but permeable mater ia l ,  The broken. 

l ines  i n  Figure 2 represent  intermediate mouzd posit ions as the mound 

i s  forming i n  the i n i t i a l . l y  dry s o i l  above the fmpermeable layer ,  

K t  The numbers on the broken l.L:ne r e f e r  t o  val.ues of  - (see next m 
paragraph), In addi t ion t o  s o i l  anisotmpy, the f f l l a b l e  porosity 

I w a s  a l so  considered nm-.ulilifaprm with the fi,ll,.able porosity be:l.ow the 

recharge area  being 25% of the ffl.lab3.e porosity adjacent  t o  the 

recharge area ,  

In characterizing the time posfti .sn of 

K t  s ive  mounds the usual parameter - 
f 

which has the dimension 

length, has been scaled t o  the width W s f  the recharge area  

K t  t o  y i e ld  the dime.n.sionless term =-- ,fw0 

succes- 

of a 

SO as 

recharge 
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i n s t a l l a t i o n  K i s  1 meter per day, f i s  0,1, and W i s  10 meters, a 

K t  value of - of 20 on the ground-water mound would mean that  t h i s  i s  
EW 

the ground-water mound posi t ion reached a f t e r  (20 x 0.1 x 10) /1  = 20 

days. 

An example of a flow system fo r  a r i s i n g  mound i s  shown i n  

Figure 3. The recharge r a t e  Va equals K i n  t h i s  case, and the 

ground-water mound i s  formed above an o r i g ina l  water t ab le  overlying 

sa tura ted mater ia l  of i n f i n i t e  o r  very large  depth compared t o  the 

K t  width W of the recharge i n s t a l l a t i o n ,  The - - .va lue  fo r  the  mound 
fW 

i n  Figure 3 i s  0.667. I f  W i s  150 meters, K i s  0,5 meters per day, 

and f i s  0.1, the mound would reach t h i s  posi t ion i n  20 days, 

Figure 4 shows the r e s u l t s  of network analyses of r i s i n g  mounds 

above o r i g ina l  water tables  f o r  d i f fe ren t  r a t e s  of recharge and 

d i f f e r en t  r a t i o s  of W/D.  The numbers on the water-table mounds 

again represent  values of - Kt The distance of r i s e ,  h, i s  expressed 
fW ' 

i n  terms of the r a t i o  h / ~ .  The horizontal  distances X a re  a l so  

expressed i n  terms of r a t i o s  t o  W ,  

Equations, The equations r e su l t i ng  from the  three assumptions 

under PROCEDURE a r e  

f o r  the r a t e  of r i s e  of  the mound, and 

. . Ktr 2.3 - = -  Hm 
I 

log - + Hm - Ht 
d Q Ht 

for  the r a t e  of recession of the mound a f t e r  cessat ion of the recharge. 
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In  these equations, H i s  the height of the mound center  above the 
t 

o r i g ina l  water t ab le  a t  t, H i s  the distance of the mound center m 

above the o r i g ina l  water t ab le  when recession begins, f i s  the f i l l a b l e  

porosity, f i s  the drainable porosity, and tr i s  the time elapsed 
t 

s ince  the beginning of recession,  The term J was evaluated by r e s i s -  
Q 

tance network analog and can be evaluated from Figure 5 ,  In t h i s  

f igure,  
IQJ 

which has the  dimension of l / length,  i s  mult ipl ied by W 

f o r  dimensionless expression, For uniform media, J W i s  only a func- 
Q 

t ion  of W/D. According t o  equation (2), complete recession of the 

mound to  H = 0 would require i n f i n i t e  time, The following expression 

gives the re la t ionsh ip  fo r  90% recession of the mound 

Examples of appl ica t ion of the equations a r e  presented i n  (42), 

The assumption of no r i s e  of the water t ab le  a t  some distance 

from the recharge area obviously implies an equilibrium posi t ion of 

the mound. The s t ab l e  height HA of the mound center  above the 

o r i g ina l  water t ab le  i s  obtained by equating the argument of the 

logarithm i n  equation (1) t o  zero, y ie lding 

In cases where there i s  a c e r t a i n  maximum l eve l  f o r  the water 

table  a t  some distance from the recharge area, t h i s  equation can be 

used t o  est imate the equilibrium height of the mound above t h i s  

control  l eve l .  For closed systems without i n t e rna l  drainage, equi- 

l ibrium conditions obviously do not occur and the appl ica t ion of 
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equation (1) i s  l imited t o  H -values t ha t  a r e  smal3er than Em, fo r  
t 

instance, t o  H -values up t o  Q,9  Elm, 
t 

The va l i d i t y  of equation ( I )  was determined by csmpariag r e s u l t s  

obtained with t h i s  equation with the r e s u l t s  of the  network analys is  

i n  Figure 4 .  The r e s u l t s  of thi.s comparison (Figure 6) show excel lent  

agreement f o r  the f a s t  and slow recharge r a t e  a t  large depths of 

o r i g ina l  sa tu ra t ion  (W/D = 010 Since increasing W/D from 0 t o  1 

a f f ec t s  X W very l i t t l e  (Figure 5)) s imilar  agreement can be expected Q 
t o  ex i s t  f o r  a l l  w/D-values l e s s  than 1, The agreement fo r  W/D = 3 ,75  

is  reasonable, f o r  W I D  = 7 ,5  the agreement i s  poor. For the l a t t e r  

case, the horizontal  flow components i n  the center  region of the mound 

a r e  no longer negl.igible which inval idates  the f i r s t  assumpti,on, The 

r e su l t s  i n  Figure 6 would indicate  that  the approximate equations a r e  

va l i d  as long as W/D does not exceed 4 ,  

Limitations of the  assumption of h o r i p n t a l  flsw, According t o  

the horizontal-flow assumption, which has formed the bas is  of several  

ana ly t i ca l  approaches regarding ground-water mound analysis ,  the 

volume r a t e  of f lsw q per un i t  length a t  distance X from the center  
X 

of the recharge area  is  

The l imi ta t ion  of t h i s  equation becomes evident by considering 

extreme values fo r  D, i, e , ,  i n f i n i t y  and zero, When D i s  equal t o  

i n f i n i t y ,  the equation y ie lds  a q a lso  of i .nf in i ty ,  This means 
X 

zero-resistance to l a t e r a l  flow and, consequently, a zero-r ise  s f  

the mound no matter how high Ya may be, I f ,  on the other  hand, 
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D i s  zero, the equation a lso  y ie lds  a q of zero, This meam no 
X 

l a t e r a l  movement a t  a l l  and a rectangular  o r  eyl fndr ieal  on-the-spot 

build-up of the mound. B ~ t h  cases a r e  i n  obvious conf l i c t  with 

ac tua l  behavior of ground-water mounds, The horizontal.-flow assump- 

t ion  can thus be expected to  underestimate th.e r a t e  of r i s e  of the 

mound i f  D i s  r e l a t i v e l y  large, and t o  overestimate the r i s e  if D 

i s  r e l a t i ve ly  small,  

Figure 5 shows t h a t  reducing 13 from i n f i n i t y  t o  W (increasing 

W/D from 0 t o  1) reduces I W from 1,27 to  Y o  16, o r  a change of l e s s  
Q 

than 9%. For p r ac t i c a l  purposes therefore,  the efgect  on I of Q 
increasing D becomes insi.gnifi.cant when D has reached a value i n  

excess of W, or D can be considered i n f i n i t e  as long as  D i s  g rea te r  

than W. The same r e l a t i o n  i s  t rue  f o r  radfa l  flow systems where D 

can be considered i n f i n i t e  when D equals o r  exceeds the diameter of 

the spreading area  ( 2 2 ) ,  The above equation of the hor izonta l  flow 

assumption, however, shows a cont iaued ef e c t  of D on q which X ' 
could lead t o  ser ious  e r ro r s ,  

SUMMARY AND COMCLUSIOMS: 

A technique f o r  analyzing ground-water mound behavior under 

recharge o r  o ther  source areas with a res is tance  network analog is  

presented. The pr inciples  of the technique a r e  applicable t o  r i s ing ,  

s t ab le ,  and f a l l i n g  mounds fo r  two-dimensional or  r a d i a l  flow systems, 

The procedure enables taking i n to  account comdi.ti.ons of non-uniformity 

i n  s o i l  conduc t i v i t y ;po r~s i t y ,  and recharge r a t e s  as well as complex 
". 

geometry, boundary, and raiaage conditions. Moving mounds a re  

handled as a succession of s t ab l e  mounds, The technique may be used 
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f o r  s tudies  of a general  nature where assumed values may be employed. 

Application of the technique i n  planning, designing o r  analyzing 

ac tua l  i n s t a l l a t i ons  is  only l imited by the adequacy with which f i e l d  

information can be obtained, 

The time required fo r  solut ion of ground-water mound problems 

by res is tance  network depends on the s k i l l  of the operator, the 

type problem, and the features  of the analog i t s e l f ,  The time f o r  

s e t t i ng  up and solving flow systems used as examples i n  t h i s  repor t  

was 8 to  15 man-hours f o r  the stable-mound problem and 2 to 5 man- 

hours f o r  each s t ep  from one mound posit ion t o  the next f o r  the 

moving mound problem, 

Approximate equations a r e  developed t o  predict  the r a t e  of r i s e  

o r  f a l l  of the mound center  above an o r i g ina l  water t ab le .  Compari- 

son of these equations with network analyses fo r  two-dimensional 

r i s i n g  mounds shows good agreement i f  the width of the recharge area  

i s  l e s s  than four times the depth of the o r ig ina l ly  sa tura ted material .  

Application of the  horizontal-flow assumption and associated use 

of the t r ansmiss ib i l i ty  coeff ic ient  i n  ana ly t i ca l  treatment of  ground- 

water mound behavior can lead to  ser ious  e r r o r s ,  It is  shown tha t  

t h i s  assumption can overestimate o r  underestimate the r a t e  of r i s e  

of a mound, depending on whether the o r i g ina l  depth of sa tura ted 

mater ia l  i s  r e l a t i v e l y  small o r  large, respect ively ,  

PERSONNEL : H . Bouwer 
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TLTLEI: THE USE OF SALTY: WELL WATER FOR THE PRB-P 

LIME PROJECT: SWC-4- 

INTRODUGTXOM : 

For need of study see Annual Report 1958, The object ive  o f  the 

experiment i s  t o  determine the amouwc o f  water to apply a t  the pre' 

planting i r r i g a t i o n  t o  maiqtain economic produetior ,  The expertment 

was i n i t i a t e d  AprAl. L, 1.958, 

The experiment i s  Located a t  the Uafversitg 02 Arizona ExperLmetrt 

Fax%, Saff ord Branch, Saf ford, k i z s a a  , The experiment was esnduc t e d  

on Field "El1 borders l - I8 ,  

Plots  were plowed i n  December 1960 and aJ Lowed co dry ou t ,  

February 28, 1962 the following amounts sf pre-planting and leaching 

water were applied,  

I., 8 inches of we41 water - plo t s  4, 6, 12, 17 

2. 12 inches o f  well water - plo t s  3, 8, 10, 16 

3 ,  15 inches sf w e 1 1  water - plo t s  2, 7, 11, 1.4 

4.  18 inches of well water - plots  5 ,  9, 13, 15 

On April  hl, 1.961 a11 p lo t s  were harrowed and Szl;rrows I f s ted  

out  subsequent t o  planting of cotton,  Eac5 plot  was planted Lo four 

rows of Hew Mexico 1517 (short  s t ap l e  va r i e t  1 and four rows of Pfma 

S-2 (long s t ap l e  va r i e t y ) ,  An aspha" t a p  was used on t skort  a tap ie  .--- 

var ie ty .  So i l  s a l t  measurements were made oa a l l  p lo t s  previous t o  

and af te*  the leaching i r r i g a t i o n ,  A f i r a l  measuremelt was made a t  

the harvest date,  A11 water applied i n  regular  i r r q p t i o n s  was 
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measured. Only that amount necessary for consumptive use was given, 

Areas for yield measurements were marked off prior to harvest, 

RESULTS AND DISCUSSION: 

A good stand of cotton was obtained, though a very cool period 

followed the planting date, mn.y parts of the field had marginal 

moisture at planting time and some plant loss was undoubtedly due to 

moisture deficiency in addition to Rhizotonia, On dune 8, the lower 

half of the field was disked and planted to sorghum AMAK 410, A good 

stand of sorghum was obtained, 

Early season vigor, plant height, and color differences were 

observed between leaching treatments, The low leaching treatments, 

8 in, and 12 in., were yellower and shorter on both cotton and 

sorghum, The sorghum heads in the eight-inch Leaching treatments 

were visually smaller, 

No yield samples were taken on. the sorghum plots because of 

extensive bird damage, Because of the erratic stand on the eight- 

, inch leaching-cotton-plots, no yield measurements are included in 

the analysis of variance, 

Yield Seed Cotton in Pounds Per Plot (N,M, 1517) 

Reps 

Tr ts 
P 

1 - 2 - 3 - 4 - Mean - 
12" 50,O 44,4 4 3 , 3  40,O 44 ,4 

15" 49,2 45,3 48.4 43,2 46,5 

18" 47,4 48.9 42.0 45,O 45.8 

No. sig, 
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Yield Seed Cotton Pounds Per Plot  (Pima S-2) 

Reps, 

T r t s  
7 

1 - 2 - 3 
a 

4 - Mean - 
12" 40,O 4 1 , l  42,2 51,6 43,7 

No, s i g ,  

SUMMARY AND CONCLUSIONS : 

An eight - inch leaching i s  s i g n i f i c a n t l y  i n f e r i o r  t o  o ther  

treatments from a seed germination and vigor s tandpoint ,  The 

a f t e r  leaching s a l t  samples showed the e ight - inch leaching t r e a t -  

ment t o  be about 350 PPM s a l t i e r  than the f i f t e e n - i n c h  leaching, 

An analys is  of variance showed no s ign i f i cance  i n  y i e l d ,  but 

there  was an approximate 10% increase  by the heavy leaching 

treatments,  

Inspection of the  s o i l - s a l t  da ta  shows, a s  i n  previous years ,  

t h a t  twelve t o  four teen  hundred PPM of s a l t  can be leached out  with 

a s ing le  leaching i r r i g a t i o n ,  The s a l t  d i f ferences  between t r e a t -  

ments a f t e r  the leaching i r r i g a t i o n  were very c lose  i n  the  top two 

f e e t ,  while a l a rge r  d i f ference  ex i s t ed  i n  the t h i r d  foo t ,  I f  so, 

i t  would seem t h a t  y i e l d  d i f ferences  could be due a t  l e a s t  pa r t ly  

t o  s a l t  condit ions i n  t h i s  p r o f i l e .  A 1 1  Leaching treatments were 

more e f f i c i e n t  i n  1961 than i n  previous yea r s ,  

PERSONNEL: Leonard J. Erie,  Fred 0 ,  French, Karl Harris ,  

D. F, McAlister, Fred Turner, 
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TITLE:: DEVELOPMENT AND TESTING OF A MECHANIZED SOIL CQLUNN PACKER 

LINE PROJECT: SWC 4-gG4 CODE: Ariz,-WCL-12 

INTRODUCTION : 

The d i f f i c u l t y  of packing s o i l s  t o  a uniform bulk  dens i ty ,  

and t h e  d i f f i c u l t y  of ob ta in ing  r e p l i c a t e  samples f o r  u se  i n  

phys ica l  experiments on s o i l s  was r epo r t ed  by Buckfngham (1) 

i n  1907. 

Since then v i b r a t i o n  techniques and t h e  use  of hand- 

opera ted  t remies have p a r t i a l l y  a l l e v i a t e d  t h i s  d i f f i c u l t y ,  

The device descr ibed  h e r e  u t i l i z e s  a motorized t remie and a 

v i b r a t o r  block i n  combination, The devfce packs columns wi th  

s o i l  t o  a uniform bulk dens i ty  w i th in  t h e  column, reproducibly 

and rab id ly .  A 45-centimeter-long column can be packed i n  11 

minutes w i th  t h i s  device.  

DESCRIPTION OF DEVICE: 

The packer c o n s i s t s  of t h r e e  main p a r t s :  a motorized 

tremie, a v i b r a t o r  block assembly, and an angle  i r o n  frame 

work u n i t i n g  t h e  two. Exact dimensions depend upon t h e  l eng th  

and a r e a  of t he  column t o  b e  packed and may vary  wi th  dndivi  dual  

needs. Cons t ruc t ion  d e t a i l s ,  shop drawings, ,and ope ra t ing  

procedures a r e  presented  elsewhere (2) .  

The t remie assembly c o n s i s t s  of a, s t a i n l e s s  s t e e l  funnel 

connected t o  a 1/2-inch 0.d. Lucfte  tube wi th  a l u c i t e  spacer  

f a s t ened  t o  t he  lower end of t he  tube.  be tremie motor i s  

connected t o  t he  t remie by a threaded rod. The t remie assembly 

i s  he ld  i n  a v e r t i c a l  p o s i t i o n  by a s p l i t  nu t  and two aluminum 
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rods, which guide  the  t remie motor a s  i t  ascends, Tremie 

motors of d i f f e r e n t  speeds can b e  used t o  o b t a i n  d i f f e r e n t  

bulk d e n s i t i e s .  The s p l i t  n u t  provides t he  means whereby the  

motor " l i f t s "  i t s e l f  and the  t remie a s  i t  r o t a t e s .  

When i n i t i a l l y  f i l l i n g  t h e  tremf e, unavoidable s epa ra t ion  

of p a r t i c l e s  occurs .  This causes nonuniform dens i ty  i n  t he  

f i r s t  few ,cent imeters  of t he  column. Also, near  t h e  top of 

t h e  column, extraneous v i b r a t i o n s  of t he  t remie may cause 

om@ nonuniformity. For t hese  reasons we use  the  c e n t e r  

0 cm of a column 45 cm i n  length  f o r  our  experiments,  

The v i b r a t o r  block is cons t ruc ted  of j i g  and f i x t u r e  

aluminum wi th  a vee notch c u t  i n  t he  c e n t e r  t o  s e rve  a s  a 

f o r  t h e  column. S t a i n l e s s  s t e e l  angles  a r e  f a s -  

tened t o  the  f o u r  long edges of t he  block t o  prevent defor-  

mation of t h e  block when v i b r a t i n g  a g a i n s t  the  a d j u s t i n g  

b o l t s ,  The a d j u s t i n g  b o l t s  pro t rude  through t h e  frame from 

f o u r  s i d e s  and hold the  v i b r a t o r  block v e r t i c a l  and i n  such 

a p o s i t i o n  t h a t  t h e  t remie can b e  f r e e l y  lowered i n t o  t h e  

column. The c l ea rance  between the  b o l t s  and the  block i s  

.004 t o  .005 inch, depending upon t h e  amount of v i b r a t i o n  

des i red .  Vibra t ion  is  produced by a motor with an o f f s e t  

weight on t h e  s h a f t ,  mounted on t h e  back of t he  b lock .  Motors 

w i th  d i f f e r e n t  amounts of t he  o f f s e t  weight can b e  used to  

produce d i f f e r e n t  magnitudes of v ib ra t ion ,  hence d i f f e r e n t  

bulk d e n s i t i e s .  
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The l u c i t e  column i s  clamped f n  t h e  vee notch of t h e  block 

by a  b r a s s  angle,  b o l t e d  t o  t h e  block on t h e  cop and the bottom, 

Two lead  weights a r e  added t o  t he  framework t o  dampen vfbracions 

of t he  frame when the  block is  v i b r a t i n g ,  

RESULTS : 

Typical  r e s u l t s  ob ta ined  with t h i s  devfce a r e  shown i n  

Table 1, The va r i a tgon  of bulk dens i ty  among columns was 

checked by packing f i v e  columns f o r  each of t h r e e  packer 

s e t t i n g s .  Uniformity of bulk dens i ty  w i t h i n  a  column was v e r i -  

f i e d  i n d i r e c t l y  on two columns by measuring t h e  water  conten t  

of each 1-cm s e c t i o n  of a  30-cm column a f t e r  e q u i l s b r a t i n g  

a t  -2 mb p re s su re  p o t e n t i a l ,  S imi la r  r e s u l t s  have been obta ined  

us ing  o t h e r  columns of Adelanto loam and o t h e r  sof l s ,  

This p r o j e c t  was terminated a s  of December 31, 1961, 

SUMMARY : 

A device  was designed and cons t ruc ted  t o  pack columns 

wi th  s o i l  t o  a  uniform bulk dens i ty ,  r a p i d l y  and reproducibly.  

The device  u t i l i z e s  a  motorized tremfe and v i b r a t i o n  block In  

comb f n a t  ion .  

LITERATURE CITED: 

(1) Buckingham, E, 1907, S tudies  on the  movement of s o i l  

mois ture ,  U.S, Dept, of Agr, Bur. S o i l s  Bu1,38:1-61. 

(2) Jackson, R. D,, Reginato, R, J,, and Reeves, W. E ,  1962,. 

A mechanized device  f o r  packfag s o i l  columns. 

USDA, ARS 41-52, 
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Table 1,--Typical v a r i a t i o n  of bulk d e n s i t i e s  among and wfthfn 

columns packed with Adelanto loam, 

Variat ion Among Columns 

Packer Number Mean Coeff ic ient  
s e t t i n g  of columns bulk densi  ty  of v a r i a t i o n  

Column 

- -- 

Variat ion Within Columns 

*Number Me an 
of sec t ions  bulk dens i ty  

Coeff ic ient  
of v a r i a t i o n  
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TITLE: MEASUREMENT AND CALCULATION OF UNSATURATED CONDUCTIVITY 

AND SOIL-WATER DIFFUSIVITY 

LINE PROJECT: SWC 4-gG4 CODE: Ariz,-WCL-13 

INTRODUCTION : 

This project was undertaken to obtain quantitative measure- 

ments of soil-water diffusivities for various soil conditions and 

to calculate the unsaturated conductivity, and hence the diffu- 

sivity from water-retention characteristics and to compare the 

calculated and measured values. Basic knowledge of unsaturated 

, fldw of soil water is fundamental to a better understanding of 
\ 

the processes of infiltration, transmission, and storage of water 

I in soil. Equations used to describe unsaturated flow conditions 

such a$ infiltration and evaporation contain a transmission 

factor, either the unsaturated conductivity or the soil-water 

diffusivity. Both of these factors are dependent on the water 

content of the soil. In addition both factors are influenced 

by soil texture, packing, temperature, and numerous other con- 

ditions of the soil. 

Although the theory of the flow of water in unsaturated 

soils is well advanced (3) ,  few quantitative experiments have 

been reported. Only limited success has been achieved in 

obtaining a rapid, reproducible, reliable method for determining 

the unsaturated conductivity or the soil-water diffusivity. 

Inhomogeneous packing is a reason frequently cited as a cause 

of poor reproducibility of soil-water diffusivity measurements, 

The recent development of a mechanized soil column packer (2) 
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of f e r s  promise of a l l ev ia t ing  t h i s  d i f f i c u l t y ,  Columns packed 

with the mechanized packer y i e ld  water d i s t r ibu t ion  curves from 

which precise soil-water d i f fu s iv i t y  measurements can be made, 

METHOD : 

Quanti tat ive measurements of soil-water d i f fu s iv l t y  a re  

made by allowing water to  enter  one end of a hor izontal  s o i l  

column a t  a s l i g h t  negative pressure fo r  a given period of 

time, A t  the end of the time period, the water i s  discon- 

nected and the  column rapidly sectioned in to  1-cm sections,  

and the  gravimetric water content i s  determined f o r  each 

sect ion,  The gravimetric water content i s  converted to volu- 

metric water content by multiplying by the dry bulk density. 

The distance from the source i s  then plot ted as a function of 

volumetric water content and the soil-water d i f  f u s iv l t y  i s  

calculated fo r  a par t i cu la r  water content by evaluating the 

slope of the x vs 8 curve and the area under the curve fo r  

tha t  pa r t i cu la r  water content, The re la t ionship  between the 

soil-water d i f fus ivi ty ,  the  elapsed time, the slope of the 

l ine ,  and the area under the  curve is  [Barrer ( I ) ]  

where De i s  the soil-water d i f  f u s iv i t y  (cm2 tnin-l) a t  the water 

content 8, t i s  the time during which the experiment was car- 

r i ed  out (min), x the dis tance from the source (cm), 9 the 

volumetric water content (cm3 A t  water contents near 
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s a t u r a t i o n ,  t he  s lope  of the x vs 8 l i n e  approaches i n f i n i t y  

and a t  water  conten ts  near  t h e  i n i t i a l  water conten t  of t h e  

sample, the  s l o p e  of  t he  l i n e  i s  very nea r ly  zero ,  Because of 

t h i s ,  q u a n t i t a t i v e  d i f f u s i v i t y  va lues  can only be obta ined  w i t h i n  

an in te rmedia te  water  conten t  range. 

RESULTS : 

Soil-water  d i f f u s i v i t y  measurements were made on t h r e e  s o i l s :  

Adelanto loam, F o r t  Co l l i n s  loam, and Pachappa loam, The Adelanto 

loam was packed t o  t h r e e  d e n s i t i e s ,  each i n  dup l i ca t e .  The F o r t  

Co l l i n s  loam was packed t o  two d e n s i t i e s ,  each i n  dupl ica te ,  and 

t h e  Pachappa loam was packed t o  two d e n s i t i e s ,  each i n  dup l i ca t e .  

During the  course of each run, measurements were made on t h e  r a t e  

of advance of t h e  we t t i ng  f r o n t  and t h e  q u a n t i t y  of water absorbed 

by the  s o i l  a s  a  func t ion  of time. A t  t h e  conclusion of each run 

the  time was noted, t h e  column was r a p i d l y  sec t ioned  i n t o  1-cm 

s e c t i o n s  and the  g rav ime t r i c  water  conten t  determined, The volu- 

me t r i c  water  conten t  was c a l c u l a t e d  and p l o t t e d  a s  a  func t ion  of 

t h e  d i s t a n c e  from the  source. Soi l -water  d i f f u s i v i t y  measurements 

were made a t  each dens i ty .  The r e s u l t s  a r e  shown i n  F igures  1, 2, 

and 3 ,  Each p o i n t  i n  t he  f i g u r e  i s  the  average of two measurements 

made on s e p a r a t e  columns packed t o  t h e  same dens i ty ,  b u t  wi th  water  

allowed t o  imbibe f o r  d i f f e r e n t  time i n t e r v a l s .  

F igu re  1 shows t h a t  q u a n t i t a t i v e  d i f f u s i v i t y  measurements 

f o r  Adelanto loam can only be made i n  water  conten ts  of about 

28  t o  37 percent ,  when t h e  i n i t i a l  water  conten t  i s  
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3 - 6  percent  and t h e  s a t u r a t e d  water  c o n t e n t , i s  48 percent ,  

Within t h i s  r a t h e r  l imi t ed  range, however, d i f f e r e n c e s  i n  s o i l -  

water  d i f f u s i v i t y  can be  observed f o r  columns packed t o  d i f f e r e n t  

d e n s i t i e s .  The same holds f o r  F igures  2 and 3 which g ive  d i f f u -  

s i v i t y  d a t a  f o r  F o r t  Co l l i n s  loam and Pachappa loam. I n  a l l  

cases  the  columns packed t o  t he  l i g h t e s t  d e n s i t y  e x h i b i t  t h e  

h ighes t  d i f f u s i v i t y .  A t  water  conten ts  n e a r e r  s a t u r a t i o n ,  the  

lines f o r  t h e  d i f f u s i v i t y  a t  each d e n s i t y  tend t o  coa lesce  and 

i n  some cases  c ros s  over ,  This i s  due i n  p a r t  t o  t he  f a c t  t h a t  

s o i l s  packed t o  heav ie r  d e n s i t i e s  w i l l  have a  lower s a t u r a t e d  

water  conten t  and t h e  s l o p e  of the  x vs 8 curve w i l l  become 

l a r g e r  a t  a  lower water  content.  

Although d i f f u s i v i t i e s  a t  water conten ts  near  t h e  i n i t i a l  

water conten t  could n o t  b e  measured by the  p re sen t  method, some 

i n d i c a t i o n  of t h e  d i f f e r e n c e s  t h a t  e x i s t  can be i n f e r r e d  from 

t h e  r a t e  of advance of t h e  wet f r o n t  f o r  d i f f e r e n t  d e n s i t i e s  

(F igure  4 ) .  The r a t e  of advance of t he  w e t  f r o n t  decreases  with 

inc reas ing  dens i ty  which i n d i c a t e s  t h a t  t h e  d i f f u s i v f t y  a s soc i a t ed  

wi th  t h e  i n i t i a l  water  conten t  may be  a f f e c t e d  more by dens i ty  

than the  d i f f u s i v i t i e s  a t  t he  h igher  water  con ten t ,  

F igu re  5 shows t h e  mean weighted d i f f u s i v i t y  c a l c u l a t e d  

from inf low measurements, The mean weighted d i f f u s i v i t y  i s  

ob ta ined  from the  s l o p e  of quan t i t y  of i n t a k e  per  u n i t  a r e a  ve r sus  

t he  square  r o o t  of t ime curve. As one would expect, t h e  mean 

weighted d i f f u s i v i t y  decreases  w i th  inc reas ing  dens i ty .  
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Figure  6 shows a  water  conten t  d i s t r i b u t i o n  f o r  Adelanto 

loam packed t o  a  dens i ty  of 1.446 g cm-'. The curve ind ica t ed  by 

x was obta ined  a f t e r  t ime of 258 minutes had elapsed from 

i n i t i a t i o n  of t h e  experiment. The curve ind ica t ed  by dots  was 

obta ined  546 minutes a f t e r  water was f i r s t  introduced i n  t he  

column, The curve ind ica t ed  by c i r c l e s  was obta ined  a f t e r  

we t t i ng  a  30-cm column and allowing i t  t o  remain i n  con tac t  with 

the  water  source  f o r  t h r e e  days, This f i g u r e  shows how the  

water  conten t  a t  the  source  during an inf low experiment may 

change wi th  time, This change i s  probably caused by d i s so lv ing  

of entrapped a i r ,  One of t he  mathematical assumptions i n  the  

d e r i v a t i o n  of t he  d i f  f u s i o n  equat ion  a s  appl ied  t o  s o i l  water  i s  

t h a t  t h e  water  conten t  a t  t h e  source remains cons t an t  wi th  time. 

Thus, i n  t h e  s t r i c t  sense, d i f f u s i o n  theory w i l l  no t  desc r ibe  t h e  

flow of water  i n t o  a i r - d r y  Adelanto loam, Thfs phenomena was 

a l s o  no t i ced  i n  t he  F o r t  Co l l i n s  loam and the  Pachappa loam, bu t  

t o  a  l e s s e r  ex t en t .  

I n  F igu re  6 t he  l i n e  ind ica t ed  by c i r c l e s  shows the  degree 

of un i formi ty  of t he  packing, Throughout t he  30-cm column the  

range of water  conten t  d i s t r i b u t i o n  was l e s s  than  1 percent  by 

vo lume , 

S W R Y  

Measurements of t he  so i l -wa te r  d i f f u s f v i t y  f o r  t h r e e  s o i l s  

a t  s e v e r a l  d e n s i t i e s  show t h a t  so i l -wa te r  d i f f n s i v f t y  decreases  

w i  t h  i nc reas ing  dens i  t y .  Thfs df f  f  erence i s more s  tx fk ing  ad $%YF=-~--- -: 

lower water con ten t s  and tends t o  diminish to  zero a t  the water 
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contents  near  s a t u r a t i o n ,  The r a t e  of advance o  

f r o n t  and the  r a t e  of i n t a k e  of water  versus  t h e  square roo t  of 

time a l s o  decrease  wi th  inc reas ing  dens i ty ,  On Adelanto loam the  

water con ten t  a t  s a t u r a t i o n  was shown t o  i n c r e a s e  wi th  time 

probably due t o  d i s so lv ing  of entrapped a i r  i n t o  t h e  water ,  This 

dependency upon time of t h e  water  conten t  of s a t u r a t i o n  i n d i c a t e s  

t h a t  t h e  d i f f u s i o n  a n a l y s i s  a s  appl ied  t o  s o i l  water  may no t  hold 

exac t ly  f o r  f i n e r  t ex tu red  s o i l s .  

REFERENCES 

(1)  Barrer ,  R. M, Diffus ion  i n  and through s o l i d s ,  p. 48, 

Cambridge Univ, Press ,  Cambridge, 1951, 

(2) Jackson, R. D, ,  Reginato, R. S , ,  and Reeves, W, E. 

A mechanized device  f o r  packing s o i l  columns, USDA, ARS 41-52, 

1962. 

(3)  P h i l l i p ,  J. R. The phys ica l  p r i n c i p l e s  of s o i l  water  move- 

ment during the  i r r i g a t i o n  cyc le ,  Third Znterna t iona l  

Congress on I r r i g a t i o n  and Drainage Proceedings 8,125-8.154. 

1957. 

PERSONNEL: Ray D o  Jackson 

Annual Report of the U.S. Water Conservation Laboratory



/ Figure 1. Measure of soil-water diffusivity for Adelanto loam. 
t 
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1 Figure 3. Measured soi l-water  d i f fu s iv i t y  for Paehappa loam. 
j 
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itgure 5, Hean weighted.diffusivPty versus bulk dens5 for three soils, 
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TITLE: DYNmIC SIMILARITY I N  ELBOM FLOW METEES 

LHBE PROJECT: SW6 4-gG 5 CODE NO. : k r i z ,  -WCL-2 

INTRODUCTION : 

See Annual Report f o r  1960, 

PROCEDURE : 

Experimental procedures were t h e  same a s  f o r  1960 except  

f o r  minor v a r i a t i o n s  noted i n  t h e  d i s cus s ion  of r e s u l t s ,  An 

Exac te l  Instrument  Company, Model 1-560 IN-D,  servomapometer, 

which provides  d i g i t a l  readout  accu ra t e  t o  0 ,06 inch of water  

over a  range of 60 inches of mercury, was used t o  measure 

p re s su re  d i s t r i b u t i o n  w i t h i n  a  t e s t  elbow, Discharge equa t ions  

f o r  a l l  tests were c a l c u l a t e d  by t h e  method of l e a s t  squares  

and checked by t h r e e  d i f f e r e n t  s t a f f  members, A l l  t e s t s  were 

made on c a s t ,  f l anged ,  long and s h o r t  rad ius ,  3- inch I D  

commercial elbows, 

RESULTS AND DLSCWSSIOM: 

Tes t s  were made during 1961 t o  determine t h e  i n f luence  on 
/ 

c a l i b r a t i o n  of an elbow meter by d i s tu rbance  of a  180 degree 

bend, r o t a t i o n  of a  g a t e  va lve ,  p r e s su re  t a p  s i z e  and p re s su re  

t a p  l o c a t i o n ,  C a l i b r a t i o n  of 10 d i f f e r e n t  s h o r t  r ad ius  and 8 

d i f f e r e n t  long r a d i u s  3- inch diameter  elbows was conducted under 

s tandard  c o n d i t i o n s o  Standard flow condi t ions  cons i s t ed  of 28 

and 12 diameters  of s t r a i g h t  p ipe  upstream and downstream 

re spec t ive ly ,  w i th  f low c o n t r o l l e d  by a g a t e  va lve  12 diameters  

downstream, A wide-open g a t e  va lve  was 28 dfameters  upstream, 
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180 degree bend: Bends induce a double s p i r a l  flow and cause 

e r r o r s  i n  elbow meter flow measurements i f  LnstaZled too near  

t h e  elbow meter ,  Two 3 - inch  90 degree s h o r t  r ad ius  elbows were 

i n s t a l l e d  t o  foran a h o r i z o n t a l  180 degree bend a t  4 ,  8, 12, 16, 

20, and 28 diameters  upstream from a h o r i z o n t a l  elbow metes,  A 

g a t e  va lve  12 diameters  downstream from the  elbow meter  wc~vs used 

t o  r egu la t e  t he  f low* Table 1 gives  the  d ischarge  eqaa3ons and 

per  cent  dev ia t ions  i n  flow r a t e  f o r  each 180 degree bond 

i n s t a l l a t i o n .  The bend induced h igher  pressure  d i f f e r e n t i a l s  

when i n s t a l l e d  too  nea r  t he  elbow, The maximum dev ia t ion  was 

-0.04.5 c f s  a t  1,000 c f s  and occurred when the bend was nea re s t  

t he  elbow meter ,  Twenty-eight diameters  of s t r a i g h t  plpe reduced 

the  dev ia t ion  t o  -0,011 c f s  a t  1,000 c f s ,  The s tandard  equat ion 

used f o r  comparison was obtained wi th  the  same elbow meter used 

i n  t h i s  t e s t  when the  180 degree bend wax replaced wich a g a t e  

va lve  28 diameters  upstream from the  meter ,  

Gate valve:  P a r t i a l l y  opened g a t e  va lves  may cause s e r i o u s  

e r r o r s  i n  elbow meter measurements because of t he  non-concentric 

j e t  from t h e  p a r t i a l l y  opened g a t e ,  A 3- inch g a t e  va lve  was 

i n s t a l l e d  a t  va r ious  d i s t a n c e s  upstream from a h o r i z o n t a l l y  

mounted elbow meter ,  w i t h  40 diameters  of s t r a i g h t  pipe down- 

stream, and was used t o  c o n t r o l  the  flow, The va lve  was 

r o t a t e d  about t he  pipe a x i s  s o  t h a t  the  non-concentr ic  jet was 

d i r e c t e d  a l t e r n a t e l y  toward t h e  in s ide ,  bottom and ou t s ide  of 

t he  elbow meter bend, Table 2. presents  the  d ischarge  equat ions 
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compared t o  t he  equat ion  obtained wi th  t h e  same meter i n  a 

s tandard  i n s t a l l a t i o n .  Twenty a a m e t e r s  of s t r a i g h t  pipe 

reduced t h e  d e v i a t i o n  t o  l e s s  than 2 per  cent ,  even a t  low flow 

r a t e s  wi th  a s l i g h t l y  opened ga t e ,  i f  t he  j e t  was not  directed- .  

toward the  i n s i d e  o r  ou t s ide  of the 'e lbow bend. Deviat ion 

exceeding 2 per  cent  occurred a t  low flows wi th  28 diameters  

of s t r a i g h t  pipe i f  t h e  j e t  was d i r e c t e d  toward e i t h e r  the 
I 

i n s i d e  o r  t he  ou t s ide  of t he  bend. 

Pressure  t a p  s i z e :  The s tandard  pressure  t a p  diameter  was 

0.120 inch. The diameter  was increased i n  appcoximately 0,020 

inch increments t o  0.250 inch t o  determine any e f f e c t  on c a l i b r a -  

t i o n  wi th  t h e  r e s u l t s  shown i n  Table 3 .  Maximum dev ia t ion  was 

l e s s  than 2 per  cen t .  

Pressure  t a p  location.: The accuracy requi red  i n  t he  loca t ion  

of pressure  t aps  i n  t h e  elbow meter was inves t iga t ed  by i n s t a l l i n g  

18 t aps  a s  shown i n  F igure  1 and measuring s t a t i c  pressure  f o r  

s e v e r a l  flow r a t e s .  Pressure  d i s t r i b u t i o n  f o r  two flow r a t e s  

is shown i n  F igure  2. The d a t a  i n d i c a t e  t h a t  t a p  loca t ion  i s  

no t  c r i t i c a l .  

Shor t  rad ius  elbow v a r i a t i o n :  P a i r s  of f langed s h o r t  rad ius ,  

3- inch diameter ,  c a s t  elbows were obtained from f i v e  d i f f e r e n t  

manufacturers and c a l i b r a t e d  under s tandard  cond i t i ons ,  Follow- 

ing the  f i r s t  c a l i b r a t i o n  each elbow was reversed and a second 

~ a l i b r a ~ t i o n  made. Elbows 5 and 6 had a d i f f e r e n t  r ad ius  of 

curva ture  and t h e  d ischarge  equat ions f o r  t hese  elbows i s  somewhat 
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d i f f e r e n t  than t h e  o the r s ,  a s  shown i n  Table 4.  I n s i d e  diameters 

of t h e  o t h e r  elbows va r i ed  from 2.75 t o  3.06 inches and roughness 

p a t t e r s  were d i f f e r e n t .  Despi te  t h i s  f a c t ,  except  f o r  t he  

reversed flow reading on elbow 3, t he  maximum dev ia t ion  from the  

average equat ion a t  1.00 c f s  was l e s s  than 2  per  cent  f o r  a l l  

o t h e r  elbows. The average equat ion was Q = 0 , 3 2 6 ~  
0 ,  501 

Long r ad ius  elbow v a r i a t i o n :  P a i r s  of f l anges  long rad ius ,  

3- inch diameter ,  c a s t  elbows were obtained from fou r  d i f f e r e n t  

manufacturers and c a l i b r a t e d  under s tandard  cond i t i ons .  Follow- 

ing the  f i r s t  c a l i b r a t i o n  each elbow was reversed and a  second 

c a l i b r a t i o n  made. Resul t s  a r e p r e s e n t e d  i n  Table 5.  The average 

equat ion  was Q = 0.408H 0'498. Except f o r  elbows 13 and 16 the  

maximum dev ia t ion  a t  1 .00 c f s  was l e s s  than 2  per  c e n t .  

SUMMARY AND CONCLUSIONS: 

The inf iuence  of var ious  f a c t o r s  on the  flow ra t e -p re s su re  

d i f f e r e n t i a l  r e l a t i o n s h i p s  was inves t iga t ed ,  inc luding  the  e f f e c t  
A 

of a  180 degree bend, g a t e  va lve  pos i t i on ,  pressure  t a p  s i z e  and 

pressure  t a p  l o c a t i o n .  The ineluence of t he  180 degree bend was 

reduced t o  about 1 per  cent  dev ia t ion  a t  1.00 c f s  and about 4 

per  cent  a t  0.10 c f s  by 28 diameters  of s t r a i g h t  pipe upstream 

from t h e  elbow meter .  Deviat ions caused by a  g a t e  va lve  were 

reduced t o  l e s s  than 1 per  cen t  a th l .OO c f s  by 20 diameters  of 

s t r a i g h t  pipe i f  t h e  j e t  from the  p a r t i a l l y  opened g a t e  was not  

d ive r t ed  toward the  i n s i d e  o r  t he  ou t s ide  of t h e  elbow meter  

bend. Increas ing  p re s su re  t a p  diameter  from 0,125 t o  0.250 

inch  caused dev ia t ions  of l e s s  than 2  per  cen t .  Pressure  t a p  
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l o c a t i o n  was not  extremely c r i t i c a l  and no apprec iab le  e r r o r  

should be introduced i f  the  t aps  a r e  loca ted  wi th in  0.50 inch 

of t he  i d e a l  l oca t ion .  

Long and s h o r t  r ad ius  elbows made by d i f f e r e n t  manufacturers 

were c a l i b r a t e d  under s tandard  condi t ions  and r e c a l i b r a t e d  i n  

reversed p o s i t i o n s .  Deviat ions from the  average flow equat ion  

. f o r  each type of elbow were l e s s  than 2  per  cen t  a t  1.00 c f s  

£0; most of t he  elbows. 

The t e s t  r e s u l t s  i n d i c a t e  t h a t  s tandard  d ischarge  equat ions 

can be used f o r  most 3- inch diameter,  c a s t ,  f langed commercial- 

elbows w i t h  e r r o r s  l e s s  than 2  per  cent  a t  1.00 c f s  and l e s s  

than 5  per  cen t  a t 0 . 1 0  c f s .  Deviat ion due t o  a l l  f low d i s t u r -  

bances t e s t e d ,  inc luding  a  180 degree bend, can be reduced below 

these  percentages by 28 diameters  of s t r a i g h t  p ipe  upstream 

from the  meters ,  S i ze  o f , t a p s  and l o c a t i o n  of t aps  was not  

c r i t i c a l .  The elbows do not  have t o  be c a l i b r a t e d  i n  p lace  and 

can be removed and replaced wi th  no s e r i o u s  e f f e c t .  

PERSONNEL: L. E. Myers, K. J .  Brust .  
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Table 1, Discharge equat ions  and per  cen t  dev ia t ions  i n  flow 
r a t e  w i t h  180 degree bend a t  va r ious  diameters  
upstream from an elbow meter.  

28 s tandard  I 0.329B 0,505 

Diameters Per  cent  Deviat ion i n  Discharge 
Equation Flow R 

0.100 c f s  
te  a t  

1.000 c f s  
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Table 2. Discharge equations &d per cent  deviat ions i n  flow 
r a t e  with flow r a t e  regulated by a g a t e  valve a t  
various diameters upstream from an elbow meter. 

Diameters J e t  
Toward 
- 

Bottom 
11 

11 

1 I 

. 11 

I I 

Ins ide  Bend 
I I 

Outside Benc 
I I 

Discharge 
Equation 

0b3llH 0.513 

0.321H 0.508 

0.3188 0.516 

O.324H 
0,501 

0.326H 
0.507 

O.322H 
ObSll,  

O.32SH 
0. 508 

0,318H 0.497 

O.33OH 0.499 

0.317H 0,511 

O.328H 0.500 

Per" Ceng I 
Flow I 

0,100 c f s ,  

-5.4 

-122 

-4.0 

+1*3 " 

4-0.5 

-1.4 

-- 
4-0.4 

4-3.7 

-3.1 

4-2.8 

r ia t ion  i n  
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ble 3. Discharge quations and per cent deviations i n  flow 
rioue pressure tap diameters. 

rd 0.120 inch 

0.159 " 

0. 194 " 
0.206 " 

0.250 " 

Discharge 
qua t ion 

Q = 0,3268 0.501 

0.326H 0.497 

0,3258 0,499 

0,32531 0,497 

0.3238 0, SO1 

0,3258 0.497 

0,3238 0.498 

... 

Par cent Deviation in 
Flow R 

0.100 c f s  
rn - 
+O. 9 

-40.2 

+0,6 

-0.9 

+O, 6 

-0.2 

:e at 
1.000 cfs  
.. - 
-0.9 

-0.7 

-1.2 

-0.9 

-1.2 

-1.6 
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Table 4 .  Discharge equations and per cent deviation in flow 
rate for  commercial 3-inch, c7st'-iron, flanged, 
short radius, 90 degree elbows under standard conditions. 

Elbow Number 
Short Radius 

Flow Reversed 
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Table 5 .  Discharge equations and per cent deviation in flow 
rate for commercial 3-inch, cast iron, flanged, long 
radius, 90 degree elbows under standard conditions. 

Elbow Number 
Long Radius 

11 

Flow Reversed 

12 

Discharge 
Equation 

Q = 0,411H 0.497 

O.4O9H 0.494 

O.4O8H 0.498 

0.4O3H 0.496 

0.4218 0.490 

0.422H 0.493 

0.412H 
0.502 

0.410H 
0.500 

0,403H 
0.502 

O,4OOH 
0.502 

0.4OlH 0.495 

0.401H 0.495 

O.4O6H 0,498 

0.410H 0.500 

0.417H 0.494 

O.4O5H 
0.502 

Per cent Deviation in 
Flow Rr 

0.100 cfs 
.e at 

1.000 cfs 

4-0.6 

-0.5 
- - 
-1.6 

+1.7 

+2,5 

4-1.7 

$0.9 

-0.5 

-1.3 

-2.2 

-2.2 

-0.5 

4-0.9 

4-1.5 

0.0 
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! 
ure 1. Location of preeeure taps on 3" ca t iron flanged 

slbaw. 
I 
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and o u t s i d e  bends 

Radia l  Tap 

1 
*@-@-- 

I I n s  f d e  

LP 

L o c a t i o n  (Degrees) 

i d e  (Broken l i n e )  end o u t s i d e  ( S o l i d  l&m) 
-tar st 0.446 c fe ,  
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TITLE: UTILIZATION OF LIMITED WATER SUPPLIES FOR THE GREATEST 

ECONOMIC RETURN I N  THE IRRIGATION OF COTTON 

LINE PROJECT: SWC 4-gG 5 CODE: Ariz . -WCL-21 

INTRODUCTION: See previous Annual Reports 

OBJECTIVES : 

1. To study the  influence of  various soi l-moisture treatments on 

c e r t a i n  v i s i b l e  p lant  symptoms f o r  pos's~ible use i n  ind ica t ing  need 

for  i r r i g a t i o n s  on Acala 44-10 and Deltapine cotton.  

2. To c o r r e l a t e  the mean s o i l  moisture i n  the  root  zone wi th  

des i rab le  i r r i g a t i o n  schedules,  

3 ,  To study the  blossom and b o l l  c h a r a c t e r i s t i c s  under various 

i r r i g a t i o n  schedules,  

PROCEDURE : 

The experiment was located a t  the University o f  Arizona Cotton 

Research Center, Tempe, Arizona. Acala 44-10 and Deltapine cot ton  

were planted i n  4-row p l o t s  wi th  8 d i f f e r e n t  i r r i g a t i o n  treatments 

r ep l i ca ted  5 times, Nitrogen was applied previous t o  p lant ing  a t  3 

d i f f e r e n t  l eve l s  (33#, loo#, 3001b) on Deltapine and a t  the 100# l e v e l  

on Acala 44-10, 

I r r i g a t i o n  Treatments 

I. I r r i g a t e  when 85% of the  ava i l ab le  water has been used from 

the  top  3 f e e t  of  roo t  zone. 5/29, 7/12,, 8/3, 9/11, 

2. I r r i g a t e  when 75% used, 5/29, 7/6, 7/19, 8/11, 9/11, 

3. I r r i g a t e  when 65% used, 5/29, 6/30, 7/19, 818, 9/11, 

4. I r r i g a t e  when 50% o r  l e s s  i s  used, 5/29, 6/20, 7/6, 7/19, 8/3, 

*DPL throughout paper should read DSL. 
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5 ,  I r r i g a t e  a t  65% used but do not f u l l y  r ep len i sh  root  zone, 5/29, 

6/30, 7/19> 8/8, 9/11. 

6, I r r i g a t e  when 65% used wi th  f i n a l  i r r i g a t i o n  i n  e a r l y  August, 

5/29, 6/30, 7/19, 8 /8 ,  

7. I r r i g a t e  when 50% used with f i n a l  i r r i g a t i o n  i n  e a r l y  August, 

5/29, 6/20, 7/6, 7/19> 8/3, 

8. I r r i g a t e  when 65% used u n t i l  a f t e r  f i r s t  blossom peak, s t r e s s  

u n t i l  blossoms appear again, then continue a t  65% l e v e l ,  5/29, 

6/30, 7/19, 8/11, 9/11. 

Tagging Treatments 

1. A l l  blossoms were tagged every day during the  f r u i t i n g  season 

on treatments 3 and 4 on both v a r i e t i e s  a t  the lOO# N l eve l ,  Each 

mature b o l l  was harvested separa te ly  fo r  processing t o  determine 

blossom t o  b o l l  e f f i c i ency ,  

2. The blossoms on a l l  o ther  treatments on both v a r i e t i e s  and a l l  

f e r t i l i z e r  l e v e l s  were counted every day, On the  f i r s t  day of  every 

week a maximum of 10 t ags  were put on these p l o t s ,  A l l  b o l l s  were 

harvested, counted and weighed, 

S o i l  moisture measurements were made i n  a l l  i r r i g a t i o n  t r e a t -  

ments a t  the LOO# N l e v e l  i n  both v a r i e t i e s ,  

Previous t o  planting,  cot ton  s t a l k s  were pulverized and disked 

under. The f i e l d  was plowed, f e r t i l i z e d  wi th  185 pounds of Urea 

per acre  and chise led  diagonally,  It was then furrowed out ,  pre- 

plant  i r r i g a t e d  and planted Apr i l  7th,  An excel lent  s tand was 

obtained and rows were thinned by hand chopping, 
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Water was held on the f i e l d  5 hours for the f i r s t  i r r f  

6 hours on the second, and 12, 18 and 12 urs fa r  subsequent i r r fga-  

tPons on treatment 3, The water was t held on long enough during 

the seesnd i r r i ga t ion  an pene t ra t fon  was inadequate. 

Cultural practices fnelnded 8 sprayiags and 3 dustfags a11 by 

a e r i a l  application for coatrc~l  o cotton predators, The f i e l d  was 

cult ivated 4 times, 

Yield measureme t s  were made on 2 POWS, 80 feet  l o  

ation, Eer t i  l faer  aad va r i e t  treatments, Yield p 

picked 3 times. 

The cotton grew shwly  th i s  y e w  because Q 

April ;  however, blossom% was not delayed. Deltapine did not s b w  

appreciable differences i n  planr height regardless of i r r i ga t ion  

t or  armunt o 

plant height due t o  i r r i ga t ion  treatments. The more water the t a l l e r  

the plant, Stressed i r r f  a t ion  treatments had sB$art s ide b ~ ~ n ~ h e s .  

S 

1, An analysis of variance between var ie t ies  s 

(Table I ) ,  There was significance between i r r fga t f sn  

f e r t i l i t y  levels (Table 2 ) ,  e 33-pound nitrogen f e r t i l i t y  level  

was s ignif icant ly  lower than the 100 and 300 pouad levels,  There 

was no significance between 100 and 380 pounds, The i rr igat  ion 

treatments, i f  ranked aecardin.g to  yield,  a re  similar under a l l  

f e r t i l i t y  and var ie t ies ,  with treatment 3 and t s e  very similar 

being highest and treatments l a mistlrn~e stressed 
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treatments showed a trend tha t  Acala takes a s t r e s s  be t t e r  than 

Deltapine, 

% 2 ,  I r r i g a t i o n  schedules fo r  treatments 3 and 5 were iden t ica l ,  The 

di f ference between them was the time of s e t  f o r  the th i rd  and four th  

i r r i ga t i ons ,  Treatment 5 was i r r i ga t ed  only 1 / 2  as long as 3 on 

July 19 and August 8 ,  

I r r i ga t i on  
Dates Hours Set Soil-Moisture Sta tus  

T r t ,  3 T r t ,  5 T r t ,  3 T r t ,  5 

May 29 5 5 s imi lar  s imi lar  

June 30 6 6 s i m i  l a r  s i m i  l a r  

July  19 1 2  6 3 fee t  2 f e e t  

Aug 8 18 8 5 f e e t  2 f e e t  

Sept I1 12 12 s imi lar  s i m i  l a r  

The following reductions i n  y ie ld  due to inadequate penetrat ion of 

water i n  treatment 5 as compared to  treatment 3 ,  

DPL - 30# N - 12,5 per cent 

DPL - 100# N - 17,O per cent 

DPL - 300# N - 28,O per cent 

Acala - l O O #  N - 14.9 per cent 

3 ,  I r r i ga t i ons  on treatment 3 and 6 were s imi lar  u n t i l  September 

8 when treatment 3 was given a f i n a l  i r r i ga t i on .  Treatments 4 and 

7 were s imi lar  through August 18 when treatment 4 was given an 

i r r i g a t i o n  followed by one more September 11. Treatments 3 and 4 

out-yielded 6 and 7 under a l l  f e r t i l i t y  l eve l s ,  Treatment 8 a lso  

out-yielded 6 and 7 (Table 2 ) ,  Treatments 6 and 7 were included i n  

the experiment to  check the v a l i d i t y  of giving and i r r i g a t i o n  on 

DPL a f t e r  the f i r s t  week of August, The data  indicates  DPL should 

have water fo r  l a t e  season use to obta in  maximum production j u s t  
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a s  the Acala v a r i e t i e s ,  

4 ,  Blossom data  f igures  show thac DPL does put on a considerable 

number of  blossoms l a t e  i n  the year ,  Low ni t rogen reduced the t o t a l  

number of blossoms i r r ega rd less  of the  i r r i g a t i o n  treatments (Table 31,  

The 85% used s t r e s s  treatment was s i .gni f icant ly  lower i n  blossom on 

a l l  f e r t i l i z e r  and v a r i e t y  treatment.s, There i s  s igni f icance  a t  the  

5% l e v e l  between i r r i g a t i o n s  but no s igni f icance  between v a r i e t i e s  i n  

t o t a l  blossom analys is  (Table 44, Figures 2 through 5 show blossom 

production, Treatment 3 has the most des f rab le  blossom r a t e ,  The 

big d i f ference  i s  t h a t  treatment 3 had a blossomhg period i n  August 

when the o the r  treatments did no t ,  The data  shows t h a t  high blossoming 

does not occur when the  n i t rogen f e r t i l i z e r  i s  hadequa te  even though 

the  i r r i g a t i o n  water management i s  cor rec t ,  

5 .  Blossom and b o l l  da ta  a r e  beirag processed, Figures 6, 7, 8 and 

9 show t h a t  DPL puts on a good s e t  o f  b o l l s  e a r l f e r  than Acala, A 

good s e t  was achieved by the  f i r s t  week of  J u l y ,  The Acala v a r i e t y  

had i t s  f i r s t  peak about the 20th of  Ju ly ,  A d e f i n i t e  blossoming 

and b o l l  s e t  was obtained i n  August for  treatment 3 but not treatment 

4 ,  Treatment 4 had a more ef f i .c ient  b o l l  r a t e  during the  second week 

of  July and ended up with the  same number of  b o l l s  a s  treatment 3 ,  

On the bas is  of  t reatments 3 and 4, Acala has about 30% l e s s  pickable 

b o l l s  than DPL, 

6 ,  Consumptive use f o r  1961 was s l i g h t l y  lower than the  long time 

average. When optimum i r r i g a t i o n  schedules were used (Trts  3, 6 and 

8) the consumptive use f o r  the  two v a r i e t i e s  was s i m i l a r  (Table 51, 

When plants  were s t r e s s e d  o r  over i r r i g a t e d  the Acala v a r i e t y  used 
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more water (approximately 4 acre inches per season], The water used 

from the d i f f e r en t  s o i l  p rof i l es  were s imilar  BOP the two v a r i e t i e s o  

The Acala seemed t o  have a more pronounced peak use than the Dl%, 

The DPL had a r e l a t i ve ly  f l a t  peak which moves forward when the 

plants a re  s t ressed for  water (Figures 2.0 through 141, Treatment 

a 85 per cent and 75 per cent used DPL peaked during the l a t t e r  pa r t  

of August when the plant was f r u i t i n g  very poorly, 

PERSONNEL: L, S ,  Erie, F, French, USDA, and L ,  Patterson, University 

of Arizona, 
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Table 1, Analysis of Variance - Lint  Cotton on kOO# Hitrogen 

----- - 
Repl ica t ions  

Variety Irr T r t s  1 2 3 4 5 m ? K -  , -- 

DPL 

--- 
Replf ca t ions  

1 10,063 16,13 16,64 16,32 9,90 13,81 

-- - 
Replf ca t ions  

Var ie ty  Irr T r t s  1 2 3 4- 5 Mean 

6 10069 17,79 17,75 19.02 12,86 15,62 

7 11,46 15,84 l6,O6 16,63 bO,79 34,16 

Variety - no, s ig .  

I r r i g a t i o n  - s i g .  I% 

I r r i g a t i o n s  y a r i e t y  - no s f g ,  
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Table  2,  A n a l y s i s  o f  Var iance DPL - F a r t i . B i z e r s  

- -- -.- 

I r r i g a t i o n  Treatments  
Reps, 1 2 3 4 5 6 7 8 F e r t i l i z e r  

P 

1 14,93 15,06 16,l.S 15,JS 14,8% 15,66 h4,69 18.33 

Mean 10,88 11,44 12,8X b1,99 1L023 11,81 L1,77 12,?4 11,-83- 

Mean 12,74 13,54 16,47 15,26 B1,85 14-18 1 b 0 7 6  14,75 U,B9  
Yie ld  
~ a l e s / A  2.25 2.39 2,91 2 - 7 0  2,10 2 ,51  2 ,61  2 ,61  

Mean 11.21 1 3 - 1 2  15,35 15,12 42,%1 B3,64 B4,06 14,40 %3,%0 

Bales/A 1,98 2,32 2 ,71  2,67 2,25 2,41 2,49 2,55 
P - 

F e r t i l i z e r s  s i g ,  5% LSD F e r t i l i z e r  = 1% = 3,42 

I r r i g a t i o n s  s i g ,  1% 5% = 2,35 

I r r i g a t i o n s  and F e r t i l i z e r s  no s i g  , LSD I r r i g a t i o n  = 1% = 3,30 
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Table 4. Blossom Analysis between DPL-15 and 44-10 (100#N). 

Variety 

Irr Trts .  44-10 DPL- 15 

Means 

Variety no s i g ,  LSD-Irrigation 1% 100,96 

I r r i ga t i on  s i g ,  1% 5% 76,18 

I r r i ga t i on  and Variety no s i g ,  
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Table 5. Summary of Consumptive Use (acre inches). 

100# Nitrogen 
Irrigation Variety 

Trts, DPL Acala 44-10 
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TITLE : SOIL MOZSTURE CONDITIONS AMD ROOT A.CTIVITY DISTRJBWTTON PATTERNS 

INTRODUCTION: 

A d i scuss ion  of t h e  theory,  experimental  des ign  and procedures 

i s  presented i n  t h e  Annual Report f o r  1960, The experiment d i f f e r e d  

from the  1960 s tudy  i n  t h a t  a lower i r r i g a t i o n  l e v e l  was used and 

t h e  amount of water  app l i ed  was accu ra t e ly  measured. Radioact ive 

s o l u t i o n  i n j e c t i o n  p a t t e r n s  were a l s o  modified t o  o b t a i n  roo t  ackL-vity 

a t  a g r e a t e r  depth and a t  a loeati .on w i t h i n  t h e  p l a n t  row, 

PROCEDURE : 

Four low l e v e l s  of i r r i g a t i o n  of t h r e e  r e p l i c a t e s  each were 

loca t ed  on a 64- X 275-foot p l o t ,  The r e p l i c a t e  p l o t  s i z e  was 90 

f e e t  by 32 f e e t  and contained 18 depth-di.s t aaee  i.aj e c t i o n  t rea,tsrsent 

combinations. The i r r i g a t i o n  treat.men&s and data.  per ta i .n iag  to them 

a r e  l i s t e d  a s  fol lows:  

Treatment Designation 
and I r r i g a t i o n  Schedule 

I r r i g a t i o n  Quanti ty  
Date of Water 
1961 Applied, i n ,  

A .  No i r r i g a t i o n  

B. One i r r i g a t i o n  when mois ture  a t  
2dfoot depth reached 23% 
(about 1 ba r )  

C ,  I r r i g a t i o n  everyt ime.moisture a t  
2-foot depth  reached 23% 
(about 1 ba r )  

D. I r r i g a t i o n  every two weeks 

'm. - 
August 10 

August 1.0 
September 1 

duly  6 
Jex1.y 19 
August 2 
Augcr.,st 16 
September 1 
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The amount of i r r i g a t i o n  water  appl.ied t o  t h e  p l o t s  was measured w i x h  

a c a l i b r a t e d  Spa r l ing  meter ,  The 23 percena moiszuse content  was 

s e l e c t e d  on t h e  b a s i s  t h a t  t h i s  would be  about P bar of molsrure 

p o t e n t i a l  of t h e  s o i l  wa te r ,  It was o r i g i n a l l y  planned t o  apply 4 

t o  5 inches of water  per  i r r fgak fon  b u t  t h i s  was no t  a t t a i n e d  jn  the 

f i e l d  p l o t s ,  Measurements were no t  made of t he  water  appl ied  f o r  che 

1960 experiment b u t  i t  i s  est imated t h a t  20 t o  25 inches were used,  

Sorghum (RS-610) was p lan ted  on. June 22 and June 28 a f t e r  a 

prep lan t  i r r i g a t i o n  on June 1.6. The p l a n t i n g  d a t e s  were d i f f e r e a t  

because t h e  1080 r ad io i so tope  i n j e c t i o n s  could n o t  be  comp%eted i n  

one day, 

The P~~ s o l u t i o n  was i n j e c t e d  on June 28 and J u l y  3 .  h e  sor&wa 

seed l ing  was j u s t  emerging from the  seed bed a t  t h f s  t ime,  S o j e c t l o q s  

were made a t  6  depth and 3 distance combinations, The 6 depchs were 

a t  6, 12, 24, 36, 48, and 60 inches from the  s o i l  s u r f a c e  and the 

h o r i z o n t a l  d i s t ances  were a t  0  ( i n  p l a n t  row), $0 and 20 i n ~ h e s  from 

t h e  p l a n t  row, In comparison t h e  11960 experiment had 6-, 12-, I&-, 

24-, 36-, and 48-inch depths and 5-, 10-, 1 5 ,  and 20-inch d i s t a n c e s ,  

S i x  i n j e c t i o n s  of 1 m l  14 pc,/ml c a r r i e r - f  pee KH PO so3.uti.ons were 
2 4 

appl ied  on t h e  1.0- and 20-inch d i s t ances  and t h r e e  i n j e c t i o n s  f o r  the 

t reatment  i n  t he  p l a n t  row, Cons t ruc t ion  d e t a i l s  of t h e  i n j e c t i o n  

probes a r e  descr ibed  i n  t h e  1960 annual r e p o r t ,  

Twelve 2-inch aluminum access  tubes,  one i n  each r e p l i c a t e ,  were 

i n s t a l l e d  20 inches from the  p l a n t  row f o r  moisture rlaeasuremelnts by 

t h e  neutron probe method. S o i l  mois ture  was determined once a week 

a t  t h e  12-, 18-, 24-, 30-, 36-, 42-, 48-, 54-, and 60-inch depths 

s t a r t$ng  on J u l y  3 .  

- 281 - Annual Report of the U.S. Water Conservation Laboratory



P r e c i p i t a t i o n  d a t a  ( i n  inches)  f o r  t he  du ra t ion  of t h e  experiment a r e  

a s  fo l lowst  

J u l y  3 0.16 : August 4 0.01 September 0,02 

J u l y  4 0,17 August 11 0.04 : 

J u l y  23 0.03 : Augus t15  0.22 : 

J u l y  29 0.55 : Augus t18  0.54 : 

: Augus t23  0.24 : 

: August 24 0.04 :: 

: Augus t29  0.80 : 

: August 30 0.05 ; - - 
0 , 9 1  1.94 

To ta l  = 2.87 inches 

Weekly p l a n t  samples f o r  a n a l y s i s  were taken, s t a r t i n g  J u l y  7, 

of t h e  sorghum p lan ted  on June 22 and, s t a r t i n g  J u l y  10, f o r  those 

p lan ted  on June 28. The P~~ a c t i v i t y  was measured wi th  thin-window 

gas flow counters  on samples t h a t  were prepared us ing  t h e  Mg(N0 ) 
3 2 

dry-ash technique,  An automatic  sample changer was u t i l i z e d  t o  assay  

t h e  200 p l a n t  samples c o l l e c t e d  per  week. It was necessary  t o  design 

and cons t ruc t  a speci ,a l  r e l ay - junc t ion  box (Figure 1)  t o  ope ra t e  t h e  

Nuclear-Chicago Model C - 1 l O B  automatic  sample changer through our 

e x i s t i n g  Baird-Atomic Model 745A l i q u i d  s c i n t i l l a t i o n  counting system. 

RESULTS AND DISCUSSION: 

Root Growth and ~ i s t r i b u t i o n ,  The r a t e  of roo t  growth was found t o  

b e  between 1 , O  t o  1 ,5  inches pe r  day i n  a l l  t h e  t rea tments ,  S imi la r  

r a t e s  were obtained f o r  t h e  w e l l - i r r i g a t e d  crop of t h e  1960 experiment. 
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The growth r a t e  was obtained from da ta  which indicated the  time 

3  2  
necessary f o r  the  appearance of P a c t i v i t y  f o r  a  given t r a ce r  

in jec t ion  pos i t ion+  Lateral  extension of the roots from the row was 

30 inches and depth of penetrat ion was a t  l e a s t  60 inches i n  the  

mature p lan t s ,  
i 

~ e i a t i v e  Root ,AQctivity. The r e l a t i v e  root  a c t i v i t i e s  i n  r e l a t i on  t o  
[ 

s o i l  depth and time a r e  presented i n  Figures 2, 3, 4, and 5 f o r  

treatments A, B, C, and D, respectively;  the p lo t  f o r  the  1960 

invest igat ion i s  given i n  Figure 6. The isometric p lo t  was used 

t o  show the changes i n  the r e l a t i v e  a c t i v i t y  with time f o r  each depth 

and a l so  the r e l a t i on  of the r e l a t i v e  a c t i v i t i e s  i n  the  p r o f i l e  f o r  

a  pa r t i cu l a r  sampling da te ,  This r e l a t i v e  root  a c t i v i t y  i s  the r a t i o  

32 3 2 of the quanti ty of P  i n  a  given posi t ion t o  the  sum of the P in  

the whole in jec t ion  p r o f i l e ,  Because of possible unequal d i s t r ibu-  

t ion  of absorbed phosphorus i n  the plant  with the age of the plant  

i t  i s  b e t t e r  t o  use the r a t i o s  of the spec i f i c  a c t i v i t i e s  

32 32 
P  /(p3' + I? ) i n  the plane leaf  but it was found i n  the  1960 

32 experiment t ha t  the  phosphorus content (P3' C P ) of the sorghum 

remained f a i r l y  constant a t  0.26 -t- - 0.06% (see Figure 7 )  and i t  was 

assumed t ha t  t h i s  constancy w i l l  a l so  hold f o r  the low i r r i g a t i o n  

l eve l ,  It was f e l t  t h a t  the gain i n  accuracy obtained by using 

spec i f i c  a c t i v i t i e s  was not large  enough i n  r e l a t i on  t o  the amount 

of work involved i n  determining the  phosphorus content of the  leaves,  

There i s  l i t t l e  d i f ference i n  the r e l a t i ve  root  a c t i v i t y  

d i s t r ibu t ions  i n  the  various treatments. The a c t i v i t y  i n  the  upper 

6- and 12-inch l eve l s  i s  cons i s ten t ly  higher i n  treatments C and D 
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than  i n  t rea tments  A and B where a c t i v i t y  i s  more prominent a t  t h e  12- 

and 24-inch l e v e l s ,  Most of t h e  r o o t  a c t i v i t y  occurs  c l o s e  to the 

p l an t ;  about 80 t o  90 percent  of t he  a c t i v i t y  i s  confined i n  an. a r e a  

36 inches i n  depth and 10 inches l a t e r a l l y  on both  s i d e s  of t h e  p lane  

row I 

!Che g r a i n  y i e l d  was 25,0, 33,8, 46,9 and 74,4 grams p& head f o r  

t rea tments  A, B, C, and D, r e s p e c t i v e l y ,  The experiment, however, 

was no t  designed s p e c i f i c a l l y  f o r  y i e l d s  and thus  th; preceding 

f i g u r e s  can only be  used a s  rough guides,  

S o i l  Moisture D i s t r i b u t i o n ,  The moisture content  i n  t h e  s o i l  p r o f i l e  

, a s  a func t ion  of time i s  presented f o r  treatme.nts A an.d B, and 6 and 

D, i n  Figures  8 and 9, r e spec t ive ly .  Although measurements a t  6-inch 

depth i n t e r v a l s  were made, only t h e  12-inch i n t e r v a l s  a r e  repor ted  t o  

a i d  i n  fo l lowing  t h e  moisture curves ,  Prec ip&ta t ion  (P) of 0,15-inch 

o r  l a r g e r  and i r r i g a t i o n  (I) d a t e s  a r e  a l s o  noted on. t h e  graphs, It 

i s  apparent  t h a t  i n f i l t r a t i o n  from r a i n  and t h e  small  i r r i g a t i o n  

amounts d id  no t  extend beyond t h e  36-inch depth,  Moisture dep le t ion  

i n  t h e  5-foot p r o f i l e  w i t h i n  t h e  12-week sampling per iod  was 3 , 5 ,  

4.6, 2.6, and 3 - 0  inches f o r  t rea tments  A, B, C, and D, r e spec t ive ly ,  

and i f  t he  q u a n t i t y  of water  from p r e c i p i t a t i o n  and i r r i g a t i o n  i s  

added t o  t h e  preceding va lues ,  t hese  w i l l  become 6,4, 4O,O,  10.9, and 

14,8 inches ,  The s o i l  p r o f i l e  a t  t h e  time of p l a n t i n g  contained l6,O 

inches of water  t o  t h e  5-foot  depth,  

The mois ture  c h a r a c t e r i s t i c s  of t h e  s o i l  a r e  presented  i n  

F igure  LO. Since t h i s  was determined on d i s tu rbed  samples t h e r e  i s  

some e r r o r  i n  t he  reg ion  l e s s  than I b a r ,  I f  t h e  w i l t i n g  percentage 
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is  taken a t  14.0 percent or 15 bar, it should be noted tha t  the 

moisture content i n  treatment A where no i r r i ga t i on  was appl  

not reach t h i s  moisture level .  In treatment B, with one i r r i ga t i on ,  

however, the  moisture content i n  the  12-inch depth got down t o  13,5 

percent. In  treatment B also,  the moisture content a t  the 12-inch 

l eve l  dropped from a value of 27 *5 percent af t e r  irrigation t o  13 ,5 

percent i n  4 weeks while t ha t  i n  treatment A changed from 19*Q to  

14,8 percent, 

Moisture Extraction and Root Act ivi ty  Relation, The r e l a t i ve  root 

a c t i v i t y  and the  percentage of moisture depleted from the surface 

3 f e e t  i n  respect  t o  the t o t a l  f o r  the surface 5 f e e t  are  compared 

i n  Table 1 f o r  treatment A. For the calcula t ion of the  percent of 

moisture l o s t ,  the amount of p rec ip i ta t ion  was taken i n to  account,  

The data from the moisture d i s t r i bu t i on  p ro f i l e  (Figure 8, 

indicates tha t  none of the p rec ip i ta t ion  in f i l t r a . t ed  below t 

3-foot depth and thus the p rec ip i ta t ion  can be considered as part of 

the moisture of the upper 3-foot l eve l ,  

The comparison shows a good r e l a t i on  between the r e l a t i ve  asot 

3 2 
a c t i v i t y  measured with the  P t r acer  technique and the degree of 

moisture depletion determined with the neutron moi,sture 

'water  depletion percentages a r e  consis tent ly  lower than the re 

root a c t i v i t y  values ,  Several possible explanations f o r  t 

behavior ex i s t  and a re  being considered, The r e su l t s ,  h 

32 
indicate  t ha t  P and water absorption by roots a r e  oec 

same place i n  the s o i l  p ro f i l e ,  
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SUMMARY AND CONGlblTS IONS : 

Relative root  actfvit:y measurements were made on sorghum plants  

t ha t  were subjected t o  higher moi.s tu re  s t r e s s e s  than t ha t  ordinar i f  y. 

encountered i n  an i r r i ga t ed  f i e l d  of t h i s  area ,  The technique 

involved the determination of radioactive phosphorus-32 i n  the  plant  

leaf a f t e r  the radiot racer  had been in jected i n to  the s o i l  a t  varying 

distances from the p lan t .  

The data  show t h a t  the r a t e  of root  growth i s  about 1 t o  9.,5 

inches per day and the root extension i s  30 inches Ta&eral.ly and 

a t  l e a s t  60 inches v e r t i c a l l y  from the  pLant row, Relat ive root  

a c t i v i t y  d i s t r i bu t i on  pat terns  were simi.1a.r f o r  aT.1 the  i.rri,ga.tion 

levels  invest igated,  Approximately 90 percent of the root  a c t i v i t y  

i s  i n  the 10-inch l a t e r a l  and 36-inch v e r t i c a l  distances from the 

p l an t ,  
G 

The r e l a t i v e  root  a c t i v i t y  d i s t r i bu t i on  Is re la ted  c losely  t o  

the  moisture deplet ion pa t t e rns  i n  the surface three  f e e t  as 

measured with the  neutron moisture probe, It i s  thus evident tha,t 

nu t r i en t  and water absorption f o r  t h f s  crop occurs concurrent1:y and 

t o  a large  extent  above the  3-foot depth, 

PERSONNEL: F,  S, Nakayama, C,  H, M. van Bavel., 
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Table 1, Re la t ive  r o o t  a e t i v i t y  and mois ture  deplet ion.  f:n. t h e  
s u r f a c e  3 f e e t  of t h e  s o i l  p r o f i l e  f o r  t rea tment  A ,  

Date 
1961 

Root Ac t iv i ty ,  
% of Tota l  

Water Deplet ion 
% of Tota l  
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TITLE: SOIL MOISTURE POTENTIALS AND WAVR UPTAICE BY ROOTS 

LINE PROJECT: SWC 11-gG1 CODE NO, : Ariz ,-WCL-3 

INTRODUCTION : 

'The objectives of t h i s  research project  have been s t a t ed  on 

page 72  of the  Annual Report f o r  1960Y 
- -  . 

An important aspect  t ha t  had t o  be consideted i n  the  use of 

t r i t i a t e d  water (THO) as  a t r a ce r  t o  study water uptake by plant  roots  

from moist s o i l s  is  the movement of the t rqcer  i n  the s o i l  medium 

i r respec t ive  of the  ac tua l  water absorption and consequent transloca- 

t i on  processes i n  the  plant .  For example, i f  a radioact ive  t r a ce r  

source i s  placed near an absorbing root  surface,  the  increase i n  

rad ioac t iv i ty  i n  the  plant  o r  the decrease i n  a c t i v i t y  of the  t r a ce r  

source i s  not  only the r e s u l t  of absorption of the  t r a ce r  by the plant ,  

but  a l s o  the  r e s u l t  of the  di f fus ion of t r a ce r  away from the source 

t o  i t s  surroundings. Experiments were thus conducted t o  define more 

c l ea r l y  the d i f fus ive  property of THO i n  s o i l  and t o  evaluate i t  i n  

terms of the main object ives  of t h i s  project .  

METHOD : 

The method f o r  determining the d i f fus ion  coef f i c ien t  involves 

placing a plane source of t r a ce r  instantaneously a t  one end of a long 

s o i l  column. The equation which describes the concentration of 

t r a ce r  a t  any dis tance  and time i s  [ ~ a r r e r ,  11, 

ac/at = D a2c/ax2 , 
where c = concentration of t r ace r ,  

t = time, 

D = dif fus ion coef f i c ien t  - a constant, 

x = distance.  
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If the  medium i s  s u f f i c i e n t l y  long and the  time during which t h e  

d i f fus ion  proceeds i s  s u f f i c i e n t l y  s h o r t  so  the  concentrat ion does 

not  change a t  the  f i n i t e  boundary, then the  column can be assumed 

i n f i n i t e  i n  length and a  so lu t ion  of [13 app l i cab le  t o  t h i s  problem 

i s  (Barrer,  1, p. 45) 

c  = Q (not) 
-112 2 

exp f - x / ( 4 ~ t ) l  , 
where Q i s  the  quant i ty  deposi ted a t  the  plane x  = 0. 

Equation [21 assumes a  homogeneous medium of uniform cross  sec t ion .  

If the  s o i l  columns meet these  condit ions then the  a c t i v i t y  of the 

d i f f u s i n g  t r a c e r  i s  d i r e c t l y  propor t ional  t o  the  concentrat ion and 

A = A. (got)  -'I2 exp [-x2/ ( 4 ~ t )  1 

where A = t he  a c t i v i t y  per  u n i t  volume, 

Ao= the  t o t a l  a c t i v i t y  deposi ted a t  the  plane x  = 0. 

Rearranging, equation /3 1 becomes 

A p l o t  of i n  A/Ao versus x2 y i e l d s  a  curve with a  s lope  of - - and 4D t 
1 

and i n t e r c e p t  of -- In ( D t )  from which the  d i f f u s i o n  c o e f f i c i e n t  may 2  

be ca lcu la ted ,  Equation /31 may be in tegra ted  t o  allow an a n a l y t i c a l  

ca lcu la t ion  of D. The r e s u l t  i s  

A * / A ~  = e r f  x/(4Dt) 11 2 , 
where A is  the  a c t i v i t y  i n  the  column over the  d is tance  x  = 0 t o  

X 

x = x, Ao, x, D, t a r e  a s  defined previously.  The no ta t ion  e r f  i s  

the  e r r o r  funct ion  whose values a r e  tabula ted  i n  mathematical hand- 

books (4). 
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PROCEDURE : 

The diffusion coefficient of tritiated water (D ) was determined 
THO 

'in agar gel, moist glass beads and soils in specially constructed 

cylindrical diffusdon columns. The variable-length column was made by 

taping together appropriate numbers of lueite rings (1 cm long X 1,9 

cm I.D. and also 1 cm long X 3 .2  cm I.D.) which were machined from 

1 1/4-inch and 1 1/2-inch lucite tubings, 

Agar solution was prepared by dissolving agar powder in distilled 

water in a steam sterilizer. The hot solution was poured into the 

1.9 cm I , D ,  diffusion column and allowed to cool slowly to room 

temperature to form the gel. Special care was taken to prevent 

entrapment of air in the column. 

The air-dry soils (Adelanto, Colo, Fort Collins, and Pachappa) 

and glass beads (28 and 203 h) were packed in 3 . 2  cm I , D ,  diffusion 

columns with a mechanical column packer (2) to obtain uniform packing 

throughout the column, The mechanical analysis of the soils is 

presented in Table 1. To obtain moisture contents in the materials 

above135% by volume, the soil or glass bead columns wezl..ew&ted 

using a frittad glass bead plate as a water source at -2 mb pressure 

potential. The 9 to 34% moisture columns were prepared by placing 

the columns containing the air-dry material upon a ceramic plate in a 

pressure cooker apparatus, saturating with distilled water and Chen 
. . 

applying pressure to the system to desaturate the soil to the desired 

moisture contents. For materials at moisture contents less than 9%, 

except air-dry soil, the unconsolidated soil was saturated and 
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urated on the pressure membrane apparatus; the  s o i l  was then 

hand-packed i n t o  the  d i f fus ion  column. 

One end of the  packed column was f i t t e d  with a f i l t e r  paper 

d i sk*  A 0.01 m l  sample of 100 pc/ml %HO so lu t ion  was spread on the  

f i l t e r  paper and the  column sealed with tape and s tored a t  25 f - 2 C, 

After  a given contact  period between the  t r a c e r  source and the  

medium, 1 t o  20 days, the  e n t i r e  column was dismantled i n t o  1 cm o r  

longer sec t ions .  

Before the a c t i v i t y  of the  t r a c e r  water i n  the  sec t ions  could 

be analyzed, the  water had t o  be separated from the  medium. Extrac- 

t i o n  of the  water, therefore  was made using a modkfied. lyoph i l i za t ion  

technique. The sample f l a s k  was connected t o  t h e  zn>-iqture ex t rac t ion  

apparatus (see Figure 1) and the  system was evacuated. The THO-H20 

vapor was condensed i n  an e a s i l y  detachable cold-finger t r a p  a t  

approximately - 7 2 ' ~  using a s o l i d  GO2-alcohol bath.  To speed the  

ex t rac t ion  process, the  sample was heated with an in f ra red  lamp. 

An a l iquo t  (0.25 t o  1.0 m l )  of the  'extracted water w a s  t rans-  

f e r r e d  i n t o  15 m l  of l i q u i d  s c i n t i l l a t i o n  counting solut ion.  The 

THO ' a c t i v i t y  was analyzed on the  Baird-Atomic l iqu id  s c i n t i l l a t i o n  

system. Analytical  procedures and instrumentation i s  described on- 

73 t o  76 of the  1960 Annual Report f o r  t h i s  Laboratory. 

RESULTS AM) DISCUSSION: 

Typical da ta  f o r  the d i f fus ion  measurements a r e  p lo t t ed  i n  

' ,h * 
% @&gure 2 f o r  an agar ge l  and a Pachappa s o i l .  The experimental 

points  l i e  on a s t r a i g h t  l i n e  and it i s  apparent t h a t  the  experimental 

procedures s a t i s f y  the  condit ions t h a t  were imposed i n  the  der ivat ion 
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of equation [3 1. The DTHO1s ca lcula ted  from the graphical  a,nd 

a n a l y t i c a l  methods a r e  esseat ia . l ly  the  sa.me. Because of the sl.mp2er 

operat ions involved i n  the  ca lcu la t ion  of the  d i f fus ion  coef f i c ien t s  

using the  e r r o r  funct ion tables ,  the  a n a l y t i c a l  method was used i n  

preference t o  the graphical  technique, 

The D ' s  i n  agar gel  and moist g lass  beads a r e  presented i n  
THO 

Table 2. The gel  was used because t h i s  i s  a medium i n  ~ghieh the  

water is  very s imi la r  t o  l iqu id  water, ye t  e a s i l y  handled. The 

average D f o r  t h e  th ree  d i f f e r e n t  aga.r compositions i s  2,16 
THO 
2 2 x c / see  and compares t o  t h a t  of 2.44 x lorn5 cm /see determined 

by Wang, 2 &, (5) i n  l iqu id  water, He a l s o  repor t s  the  d i f fus ion  

2 
coef f i c ien t  of deuterated water (DHO) a s  2.34 X low5 cm /see which i s  

smaller than t h a t  f o r  t r i t i a t e d  water. It would be expected t h a t  

D~~~ should be g rea te r  than DTHO on the  b a s i s  t h a t  d i f fus ion  i s  a 

function of the  molecular weight, but the  experimental r e s u l t s  show 

the  reverse,  The cause f o r  t h i s  discrepancy has not  been resolved, 

The DTHO i n  moist gIass  beads (Table 2) was lower than t h a t  i n  

agar gel .  Kunze and Kirkham (3) reported a DDHO value of 1.36 
.;' :. 2 :&lom5 r%.' cm /sec f o r  moist g lass  beads compared t o  our D of 1.56 and . 1 THO 

2 
1.69 x lom5 cm /sec. 

Experimental da ta  f o r  the moist s o i l s  a r e  l i s t e d  i n  Table 3, The 

-5 2 
I D~~~ 

i n  Colo c lay  loam i s  0,87 X 10 cm /set, A 0 

2 
0.61 x cm /see i s  reported by Kunze and Kirkham ( 3 ) .  

Since i t  i s  contempIated t o  fol low water absorption by roo t s  a t  
$" S" 

d i f f e r e n t  moisture po ten t i a l s ,  a more r;Egorous study was made on the  
< * 

r e l a t i o n  between the  moisture content  and the  d i f fus ion coef f fe ien t  of 
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THO, The r e s u l t s  of t hese  i n v e s t i g a t i o n s  a r e  presented  i n  F igure  3 

f o r  t h e  Pachappa s o i l ,  It is  apparent  from t h e  gra.ph t h a t  D i s  no t  
THO 

t h e  same f o r  t h e  d i f f e r e n t  mois ture  con ten t s  of t h e  s o i l 4  However, 

i n  t h e  mois ture  r eg ion  between PO t o  40 percent  where most of t h e  water  

absorp t ion  s t u d i e s  w i l l  be  conducted, t h e  Dm is mns ta ,n t  and thus  ' 

f a c i l i t a t e s  comparison of t he  r e s u l t s  of water  uptake by r o o t s  f o r  

samples of s l i g h t l y  d i f f e r e n t  water  con ten t ,  The average d i f f u s i o n  

c o e f f i c i e n t  between 34 t o  39 percent  water conten t  i s  l 0 1 b  + - 0,05 

2 x l om5  cm /set- 

There a r e  l a r g e  v a r i a t i o n s  i n  D wi th  mois ture  content  between "So 
t h e  l , 5  (a i r -dry)  and 9 percent  l e v e l s  w i th  a  peak D occurr idg  a t  

THO 

approximately 3 percent ,  Addi t iona l  experimental d a t a  must be  obtained 

t o  de f ine  more p r e c i s e l y  t h e  r e l a t i o n s h i p s  observed over t h i s  

p a r t i c u l a r  region., 

A p o s s i b l e  explana t ion  f o r  t he  behavior  observed can be presented  

more c l e a r l y  by cons ider ing  t h e  mois ture  content-D curve i n  i t s  THO 
2 

e n t i r e t y .  The DTHO i s  1.14 X em /set compared wi th  t h a t  measured 

-5 2 
i n  agar  g e l  of 2.16 X 10 cm /see,  which w e  assumed t o  be  c l o s e  t o  

t h e  t r u e  THO d i f f u s i o n  i n  l i q u i d  water .  The DTHO i:n t h f s  p a r t i c u l a r  

so i l -water  system i s  sma l l e r  p r imar i ly  because of physical,  blocking 

by t h e  s o i l  p a r t i c l e s  which l i e  i n  t h e  d i f f u s i o n  pa th ,  With decreas ing  

mois ture  and t h e  vo id ing  of t h e  w a t e r - f i l l e d  pores,  d i f f u s i o n  occurs  

i n  t h e  l i q u i d  and vapor phases,  When t h e  c o n t i n u i t y  of t h e  a i r - f i l l e d  

pores  i s  e s t a b l i s h e d  below approximateLg 10 percent  water  conten t ,  

vapor d i f f u s i o n  becomes predominant a,lthough l i .quid d i f f u s f o n  occ,uzs 

i n  t h e  su r f ace  water  f i l m s ,  
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It should be noted t ha t  the measu:red di f fus ion csef f icienzr. i s 

many times smaller than the  d i f fus ion  coeffie4ent  of water vapor  i n  

2 
a i r ,  which i s  on the order of 0,2& em /set, A t  the  place where 

D~~~ 
i s  a t  a maximum., there  i s  a mi:~.i.mum r e s t r a i n t  t o  mavement imposed 

upon the t r a ce r  molecule from the surface-layer water mcsXecules on 

the  s o i l  pa r t i c l e s ,  the s o i l  pa r t i c les ,  and possibEy a l so ,  l e s s  

exchange occurring 'between the  t r a ce r  and the  adsorbed molecules, 

A t  the lower moisture content region from the  D THO peak, the THO 

molecu1es become adsorbed more read i ly  e i t h e r  d i r e c t l y  on the  s o i l  

p a r t i c l e  cx t e  the  untagged water mo'%.ecu%es already present on the c lay  

mineral surfaces and thus the adsorptive forces  act t o  reduce the 

movement of the t r a ce r ,  

SUMMtaRY AND C0NCLUSI:ONS ,o 

The di f fus ion coef f i c ien t  of t r f t i a t e d  t r a ce r  water was determined 

i n  agar gel  a.nd moist s o i l s  and g lass  beads prePimfnary t o  studies of 

water absorption of p lant  roots  i n  s o i l s ,  The expexi.meata2 r e s u l t s  

f o r  the  homogeneous mater ia ls  agreed elose1.y ,with the  theoretica'l. 

d i f fus ion  equa.tion. The di .ffusi  on c0e.f f i e i e n t  of t r f  ti.ated water 

2 
(D ) i n  d i l u t e  agar ge l  i s  2.16 X lom5 an /see and i n  rhe moisr 

THO 
2 

glass  beads i s  1.56 and 1.69 X l om5 cm /see a t  35.9 and 11.8 percent 

water content, respectively;  and the D f o r  s o i l s  i s  an the  order 
THO 

2 
of 1.0 x los5 cm /see. 

In a Pacha.ppa Loam s o i l  i n  which the  D was fnvesti.ga.ted more 
THO 

thoroughly, the  D was found t o  be  a fune:tisa of the  amo'c1:n.t of 
THO 

water i n  the s o i l ,  Sfhe d i f fus ion  coef f i c ien t  I s  essentl .al ly constant 

2 
a t  1.14 X 1om5 cm /sec between 12 and 40 percent moisture content, 
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-5 2 
has a maximum va lue  of about. dos3 x 10 em, /see a.a: approalsr?ately 

3 ,5  percent  and has Lntexmediace v a l u e s  herween 1,s ( a i r - d r y )  ro 3 , 5 ,  

and 3.5 t o  10,O percent  moisture eon tev t s ,  The r e s u l r s  b r ing  up some 

thought-provoking ques t ions  i n  regard  t o  vapor and I fqu td  d f f f u s i o n  

i n  s o i l s ,  so i l -wa te r  p r o p e r t i e s  and the  u s e  of tr3tEvmm t r a c e r  in, water  

movement s t u d i e s  i n  unsa tu ra t ed  s o i l s ,  

REFERENCES : 

Barrer ,  R,  M, Diffus ion  i n  and through so l%ds ,  Caxibridge Univ, 
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Table P b  Mechanical analysis of sol Ps used i n  THO d t f f t ~ g f s n  sradies, 

Coarse F i ~ . e  
Sand C3 4,a y Ttscur a 1  

S amp 1 e S i l t  S f  %o 
(“50!4 (20 - 50 @I ( 2 - 2  20p) [<2p) Ckass 

Adelanto 2 ~ 1 ~ 5 6  2%,24 2f,85 22,,,35 

Colo 21,88 %3,62 31,95 3%,55 Clay Lo 

F o r t  Co l l i n s  40.55 l9 ,95 Loam 

Table 2, Diffus ion  eoeffkefent. of THO I.n agar g e l  and moist glass 

beads,  

Agar g e l  0.50 "J, 

Agar g e l  Q o J 5  % 

Agar g e l  2 , O O  % 

GZass beads 28 1-1 

Glass beads 28 1-1 

Glass beads 203 11 34 - 9  E,68 

-- ---- 
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Figure 2. Typical plot of data showing activity of THO in diffusion 
column as a function of distance. Annual Report of the U.S. Water Conservation Laboratory



efficient, 
cmVsee x /05 

Figure 3 .  The d i f f u s i o n  c o e f f i c i e n t  of l X O  i n  Pachappa loam a t  
d i f f e r e n t  moisture contents .  
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TITLE: THE MEASUREMENT OF WATER TMWSgOW 

SPECTFIC APPL,IWEXOIFON "FC9 THE ASSES 

LOSSES BY TRANSP 

LINE PROJECT: SWC 11-gG1 DE: Ariz,-W6t-5 

INTRODUCTZON : 

The objectives,  weed fo r  study, and method of t h i s  project  

are  given i n  the 1960 Annual Report of the W e  S o  Water Conservation 

Laboratory, In t ha t  repor t  the mathematics of moving sources of 

heat was used to  develop a mathematical mode% which describes, iz  

the f i r s t  approximation, heat flow in. the sap stream o f  a plant  

when a p ~ r t i s n  of  the sap is  heated, Th i s  model i s  i n t e ~ d e d  t o  

f a c i l i t a t e  the in te rpre ta t ion  of data obtained by using a radio- 

frequency oscLlEator t o  heat a t h i n  cross s e e t i o ~  of a pksnt 

essentialky instantaneorrs'Ly artd noting the cemperzature p u k e  a t  

a known. distance from the source, Tbe purpose i s  t o  obtafa a 

measurement of the velocity of the sap stream within. the plant 

s terno 

PROGRESS DURXNG I962 

The radio-frequency osc ih la to r  was delivered i n  August 1951, 

Subsequent to  delivery i t  was necessary t o  design a tunin 

t o  be used near a plant  stem, T h ~ s  consisted of a var iable  

inductor, two var iable  capacitors,  and a pa i r  of elect rodes ,  The 

purpose of these components i s  t o  provide a means of obtaining 

resonance i n  the heating c i r c u i t ,  Dif f e r ea t  plant  stems exhfbl t 

d i f fe ren t  d i e l e c t r i c  proper t ies  and d i f fe ren t  s i z e s  of piant stems 

require  d i f f e r en t  e lec t rode spacirigs and hence charage the 
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proper t ies  a r e  compensated by the va r i ab le  capacirance and 

inductance i n  the  tuning c i r c u f t ,  &llowing resonance to  be 

obtained,  To ob t a f n  resonance adjus trnencs a r e  mhde s s r f c t l y  

by t r f  a l ,  

The radio-frequency o s c i l l a t o r  has a power ontpur on rhe 

order  of 2,0 watts  a t  108 megacycles, A schernaffc diagram s f  the  

o s c i l l a t o r  is  given en Figure 1, Figure 2 shows a schemaric of 

the  timing c i r c u i t  and of the  excesnal t u n i  

Experimental r e s u l t s  ru date have been s ~ r i c t l y  q u a l i t a t i v e  

i n  t h a t  the measurement was made on p lants  In  o rde r  t o  check the  

o s c i l l a t o r  and the  tun%ngs c i r c u t t ,  No esrimate was made s f  the  

ve loc i ty  of the  sap stream o r  of rhe valid5r.y o f  the  t h e o r e t i c a l  

development given i n  the  1968 Annual Reposr, 

When the c i r c u i r  is tuned properly, port ions s f  the  p lan t  

stem can be heated i n  a very few seconds and t h i s  hsae pulse can 

b e  measured a t  a d i s t ance  furzher  up the planr stem, The adjusc- 

ment of the  tuning c i r c u i t  i s  s t r i c t l y  by t r i a l  and i s  frequently 

time consuming, Once funed, however,  he o s c i l l a t o r  w i l l  provide 

s u f f i c i e n t  hea t  to  r a i s e  the  temperature of the  water i n s i d e  a 

p lant  stem a measurable amount, PC i s  poss ib le  co tune the c f r c u i ~  

such t h a t  s u f f i c i e n t  hea t  is produced wethin the  p lant  ro burn 

the  bark, The problem remains to  Tune the  c f r c u i  t properly so  

t h a t  a s u f f i c i e n t  amount of hea t  Is produced wirhtn che p lan t  stem 

t h a t  can be measured a t  a known dis tance  downslrem and y e t  nut  

enough hea t  is  produced to damage the p lant  i t s e l f ,  I n  one case 
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a bean plant ,  a  dark b lue  r i n g  formed 

n t  near  the  electrodes,  ind ica t ing  tha t  

was heated very rapid ly  and possibly 

p lant .  I n  p r a c t i c a l l y  a l l  cases when plants  

a  hea t  pulse was detected.  

I n  one experiment g l a s s  tubes wi th in  which water was flowing 

own ve loc i ty  were used, This experiment was not  successful  

hickness of the  g l a s s  proved t o  be such an i n s u l a t o r  

ant amount t a  measure temperature r i s e  a t  a  point  down- 

Xn ana caee where r a t h e r  l a rge  e lec t rodes  were used and 
. , 

mister was placed ins ide  of the  g l a s s  tube i n  d i r e c t  contac t  

wat ,qulse was detected.  
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igure I. Schematic of radioofrequency oscillator. 
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rep l i ca t ions  or iented i n  an east-west l ine ,  so t ha t  environmental 

va r ia t ion  along the bench would be minimized within a given treatment, 

A l l  treatments were randomized according t o  the standard sp l i t - p lo t  

design, In addit ion,  one of the s i x  rows of eight  pots was sh i f t ed  

daily,  from the south s i de  of the bench t o  the next row north (while 

the northernmost row was changed to  the south edge), This, i n  addi- 

t ion  t o  placement of  a 2" x 6" Styrofoam board 6 fee t  long a t  the 

southern edge of the bench next t o  the south row of pots, was t o  

minimize the g rea te r  amount of sun's  heat on the south i n  comparison 

t o  the north edge of the bench. 

The plant  studied was corn, Zea mays, va r ie ty  WD456xKB397, 

Colorado S ta te  University, from the same seed l o t  used by D r .  S. R.  

Olsen i n  a p a r a l l e l  experiment a t  Fort Collins, Colorado, Six gra ins  

were planted per can; the resu l t ing  seedlings were thinned t o  three 

located a t  the center  of  the can and were grown for  e ight  weeks. A i r  

temperatures i n  the greenhouse ranged from 18 t o  30 C. So i l  tempera- 

tures  were not allowed t o  exceed 30 C. This temperature control  was 

achieved by use of a 52%-shade saran p l a s t i c  screen over the green- 

house bench. However, the shading reduced the l i g h t  i n t ens i t y  to  a 

value of about 2500 foot-candles. The water vapor added by means of 

evaporative coolers tended t o  s t a b i l i z e  the moisture content of the 

a i r .  

Number-10 t i n  cans were used wi th  p l a s t i c  l i n e r s ,  The s o i l  was 

Adelanto s i l t y  clay loam from the surface two f e e t  a t  the Laboratory 

grounds. It was brought approximately to  the minus one-third bar 

pressure potent ia l ,  0.28 by volume, by addi t ion of the calculated 
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amount of d i s t i l l e d  water t o  the  a i r -d ry  s o i l ,  and res to red  t o  t h i s  

value pe r iod ica l ly  by replacement of  the  water l o s t  by evapotran- 

s p i r a t i o n .  

Daily replenishment of  water immediately a f t e r  the  6 : 0 0  A. M. 

weighing led $0 apparent ae ra t ion  d i f f i c u l t i e s .  Consequently, l a t e r  

i n  the growth period water was added when about one-half the ava i l ab le  

water was-used, thus improving the  growth. Nitrogen and phosphorus 

f e r t i l i z e r s  were added when deficiency symptoms developed. The f e r t i -  

l i z e r  addi t ions  e f f e c t i v e l y  cured the  def ic iencies ,  but the combination 

of  poor ae ra t ion  and mineral deficiency eventual ly led  t o  a loss  of one 

o r  two p lan t s  i n  severa l  pots .  

When the p lants  were 35 cm. t a l l ,  the  p l a s t i c  l i n e r  i n  each can 

was closed f irmly around the  base o f  the  p lants ,  thus sea l ing  o f f  the 

s o i l  from evaporation; the ensuing water loss  thus occurred only from 

the p lants ,  as  t r ansp i ra t ion ,  A t  t h i s  s tage  of  growth the p lants  used 

about one-half the ava i l ab le  water three  days a f t e r  watering. There- 

fore  a three-day drying cycle was es t ab l i shed .  After  three  days of  

t r ansp i ra t ion ,  the  p l a s t i c  bags were opened, leading t o  evapotran- 

s p i r a t i o n a l  loss  during a succeeding 3-day cycle.  After  a t o t a l  of  

two 3-day cycles of  t r a n s p i r a t i o n  a l t e r n a t e d  wi th  evapotranspirat ion,  

the  experiment was ended. After  harvest  of  the  plants ,  f r e s h  a*d dry 

weights were obtained of roo t s  and shoots ,  During e a r l y  growth, 

height'measurements were made t o  study d i f f e r e n t i a l  growth under 

d i f f e r e n t  r a t e s  of  app l i ca t ion  of long-chain alcohols .  

RESULTS AND DISCUSS ION : 

The r e s u l t s  a r e  based on data  f o r  both hexadecanol and octadecanol 
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obtained i n  the f i r s t  18 days, Data obtained j u s t  before harvest 

a r e  tabulated f o r  the octadecanol treatment only, because there  were 

severa l  pots wi th  missing p lants  i n  the hexadecanol t reatment,  These 

data  fo r  octadecanol include two 3-day cycles of  t r a n s p i r a t i o n  and 

evapotranspirat ion obtained i n  the e igh th  week, the r e s u l t s  obtained 

during the poor growth midway through the experimental period being 

eliminated from considera t ion ,  None of  the  comparisons of t r ea ted  

with i t s  corresponding con t ro l  value i n  Table 1 showed a s t a t i s t i c -  

a l l y  s i g n i f i c a n t  d i f ference ,  according t o  an analys is  of  variance.  

Visual symptoms of  ea r ly  s tun t ing  o f  p lants  t r ea ted  a t  the 25-g 

r a t e  i n  both the hexadecanol and octadecanol treatments were evident,  

e spec ia l ly  i n  the  mixed treatment,  The apparent t o x i c i t y  was con- 

firmed by l ea f  measurements and dry-weight da ta  obtained when the 

seedlings were thinned from s i x  t o  three  per pot ,  A t  the  end of  the  

experiment, ca re fu l  observation of the  s o i l  f o r  v i s u a l  evidence o f  

pers is tence  of the  long-chain alcohols  i n  the s o i l .  showed no obvious 

p a r t i c l e s  of the chemicals i n  the  mixed treatment.  On the  o ther  hand, 

the  banded treatment showed very evident remnants of  the  o r i g i n a l  

"pancake" of applied chemical, even a t  the 1 g dosage r a t e .  The lack 

of  v i s u a l  evidence of  the  chemicals i n  the  mixed treatments does not 

necessar i ly  mean t h a t  the  long-chain alcohols  decomposed, s ince  -they 

were very f ine ly  d i s t r i b u t e d  and not e a s i l y  v i s i b l e  i n  the  o r i g i n a l  

preparat ion of  the  s o i l .  Also, a surface  tens ion measurement of  

water containing the  s o i l  from the  25-g mixed treatment of  octadecanol 

indica ted  the  presence of  a su r fac tan t ,  It i s  l ike ly ,  nevertheless,  

t h a t  l e s s  chemical remained i n  the  s o i l  a t  the end of the  experiment 
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i n  the mixed treatment than i n  the banded app l i ca t ion ,  Despite the  

ea r ly  s tunt ing ,  the  f i n a l  dry weight values were i d e n t i c a l  fo r  t r ea ted  

and untreated p lants ,  6.73 g  per pot. 

Transpi ra t ion  values a r e  shown i n  Table 2, and evapotranspirat ion 

i n  Table 3 .  Again, no s t a t i s t i c a l l y  s i g n i f i c a n t  d i f ferences  due t o  

placement, kind o f  chemical, o r  dosage r a t e  were observed. These data  

ind ica te  t h a t  under the condit ions of  t h i s  experiment, hexadecanol and 

octadecanol did not cause decreased t r a n s p i r a t i o n  o r  evapotranspirat ion 

i n  soil-grown corn p lan t s ,  

SUMMARY AND CONCLUSIONS : 

Corn was grown i n  the  greenhouse i n  a  th ree - rep l i ca te  experiment 

fo r  e igh t  weeks, during which time evapotranspi ra t ion  was determined 

by the  weight-loss method, The e f f e c t  on evapotranspi ra t ion  of add i -  

t ions  of hexadecanol o r  octadecanol t o  s o i l  was studied,  the two 

powdered alcohols  being used a t  four dosages (0, 1, 5, and 25 g  per 

pot, containing 3 kg of  a i r -dry  s o i l )  and wi th  two placement a l t e rna -  

t i v e s  (thoroughly mixed o r  banded 8  cm below the  surface) .  During the  

f i r s t  18 days from seeding there  was no s i g n i f i c a n t  e f f e c t  upon evapo- 

t r ansp i ra t ion  by the  above chemicals, During the  e igh th  week of  

growth, two cycles of evapotranspi ra t ion  showed no e f f e c t  of octa-  

decanol on lowering water l o s s  as  compared to  cont ro l  values,  Hexa- 

decanol r e s u l t s  were not used, due t o  missing p l a n t s ,  An ea r ly  

tendency t o  s tun t ing  a t  the 25-g dosage r a t e  d id  not  r e s u l t  i n  any 

s i g n i f i c a n t  d i f ference  i n  f i n a l  dry weight between t r ea ted  and 

contro l  p lants .  

PERSONNEL: W, Ehrler  and 6. H, M, van Bavel (Advisory) 
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Table 1 

CUMULATIVE EVAPOTRANSPIRATION FROM CORN 

I N  AN 18-DAY PERIOD AFTER PLANTING 

TREATMENT 

Placement 
ET, g potmi 

Mixed .............O............... 785 
Banded .......................O.... 742 

Kind o f  Chemical 

Hexadecanol ....................... 761 
Octadecanol , , , , , . o , , , , , , o o , , , , o ~ ~ ~  766 

A, Control vs. t r e a t e d  
Control  ................... 388 
Treated .........O......... 755 

B. Among t r e a t e d  
1 g per  pot ..~..,,,,,,,,,, 773 
5 g per  pot ............... 766 

25 g per p o t  ..,,,,,,,,,,,,, 725 
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Table 2 

WATER LOSS AS AFFECTED BY TREATMENT WITH OGTADECANOL 

Transpirat ion (during two 3-day cycles)  

Treatment 

Placement 

Mixed ..................O...O...O.. 368 
Banded ..,o,,ooo,,,,,,,OOOO~DeOOOOD 340 

Do sage 

A .  Control vs, t r ea ted  
Control ..,,,,,,,,,o,,,,,,,, 358 
Treated .................... 352 

B, Among t rea ted  
1 g per pot .............,.. 329 
5 g per pot .......oo....... 361 

................ 25 g per pot 368 
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Table 3 

WATER LOSS AS AFFECTED BY TREA'fMENT WITH OCTADECANOL 

Evapot ranspi ra t ion  (during two 3-day cyc le s )  

Treatment - 1 
E'ji", g P o t  

Placement 

Mixed . . . O O . O . O O . O . . O . . O . O . . O . . . . . . . .  495 
Banded . . , o , , , 0 4 0 0 0 0 0 0 0 0 . 0 0 D o o o O o O O O 0  486 

Dosage 

A, Control vs ,  t r e a t e d  
Control  O . . . O . . . . . . . . . . . , , , , . o  483 
Treated . O e O O O O O O O O O . O e O O O O m O .  493 

B, Among t r e a t e d  
1 g per pot . , o , o o o , o o ~ o , , , , , ~  482 
5 g per  pot  ...............o.. 494 

25 g per  pot ........O......... 503 
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TITLE: WATER UPTAKE OF ALFALFA VARIETIES AS AFFECTED BY SOIL 

TEMPERATURE AND OTHER EWZROWNTAL, FACTORS 

LINE PROJECT: SWC-11-gG1 

INTRODUCTION : 

CODE: Ariz , -WCL-11 

This project  was begun i n  April  1961, and was concluded i n  January 

1962. The object ives  a r e  (1) t o  study the r a t e  of water absorption by 

roots  of i n t ac t  a l f a l f a  p lants  as determined by the in te rac t ion  between 

root  temfierature and the evaporative demand of the atmosphere, and (2) 

t o  study var te ta f  d i f ferences  i n  response t o  a given root  temperature 

f a r  use a s  a gui8e t o  in te rpre ta t ion  of f i e l d  behavior of a l f a l f a ,  

More quan t i t a t ive  informatian i s  needed t o  understand why i s  
* 

nart;hc;rn Nevada i r r i g a t e d  a1  a l f a  p lants  w i l t  i n  ea r ly  apring when 

the s o i l  In the lower root  zone s t i l l  i s  a t  o r  above f i e l d  capacity,  

Although poor ae ra t ion  may be a contributing factor ,  a more l ike ly  

cause i s  law s o i l  temperatures accompanied by a i r  temperatures high 

enough t~ induce rapid  t ransp i ra t ion ,  Since fac to rs  of both the 

a e r i a l  and root  environment a r e  involved i n  wil t ing,  the problem i s  

complex; i t  is  fu r the r  complicated by the simultaneous var ia t ion  of 

environmental f ac to rs  i n  nature.  Investigations i n  a p lan t -g r~wth  

chamber would enable the fac to rs  of the a e r i a l  environment t o  be held 

constant, while root  temperature could be controlled a t  severa l  suc-  

cessively lower values,  . Conversely, a t  a given root  temperature, 

various r a t e s  of t r ansp i ra t ion  could be induced by regula t ing the 

a e r i a l  environment. 

PROCEDURE : 

The experiments were carr ied  out  a t  the U. S, Water Conservation 
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Laboratory, Tempe, Arizona, The Controlled-Environment Room described 

i n  the Annual Report for  1960, pp, 135-138, has functioned well s ince  

the modifications described i n  the repor t  were made. In addition, the 

two insulated tanks which were i n s t a l l ed  made possible control  of root  

temperature from 5 t o  35 C with a precision of 0.5 degree C. Alfa l fa  

was grown i n  four separate experiments t o  determine low root  tempera- 

ture  e f f ec t s  on t ransp i ra t ion  under controlled environmental conditions. 

Twenty-four 1-gallon cans i n  each temperature tank permitted s i x  

rep l i ca t ions  of four v a r i e t i e s  of a l f a l f a  t o  be grown under the same 

conditions of root  and a e r i a l  environment f o r  about seven weeks, 

The cans were suspended from the l i d  t o  a s u f f i c i e n t  depth t ha t  

the l eve l  o f  the water bath was a t  the same height as  the l eve l  of 

cu l tu re  solut ion,  Temperature measurements by thermocouples a t  d i f -  

ferent  depths i n  several  cans indicated a d i f f e r e n t i a l  of  0.5 degree 

C o r  l e s s  from top t o  bottom of each can, A volume of 3 . 7  1 of 

Hoagland nu t r i en t  solution,  with a concentration of 10 meq/l, was 

used per can, with constant aera t ion.  Control of  pH and maintenance 

of the o r i g ina l  e l e c t ro ly t e  concentration by means of replenishment 

o r  complete replacement of  the  nu t r i en t  solut ion brought about 

vigorous growth of the  four a l f a l f a  p lants  i n  each can, A t  harvest,  

2 the t o t a l  l ea f  area  per pot ranged from 20 to 30 dm . Leaf area was 

determined by r e l a t i n g  the f r e sh  weight of a known area (from d i scs  

punched from many l e a f l e t s )  t o  the t o t a l  f resh  weight of leaf  blades 

s t r ipped from a l l  p lants  per pot. 

When the t ransp i ra t iona l  loss  ranged from 200 t o  300 g pot-1 

- 1 
day under "standard conditions " ( a i r  temperature 25 C, r e l a t i v e  

Annual Report of the U.S. Water Conservation Laboratory



humidity 56%) root  temperature 24 C) an experimental var iable  was 

es tabl ished.  For periods ranging from one to  three days, a low root  

temperature was maintained i n  one tank, Transpirat ion r a t e s  per pot 

i n  both the reference and the low-temperature tanks were careful ly  

measured. This was done by actual ly  determining water absorption by 

means of a point-gage, The lowered water l eve l  was res tored t o  a 

f ixed reference point by addit ion of water from a graduate cyl inder ,  

The leaf  area was determined, and then the r e s u l t s  were expressed as 

t r ansp i ra t ion  per square meter of leaf  area  per uni t  time, One var ie ty  

of each of the four g rea t  groups of a l f a l f a  i n  the United Sta tes  was 

se lected fo r  t h i s  study, so t ha t  the r e s u l t s  would be of broad scope. 

RESULTS AND DISCUSS ION: 

I. Experiment I. 

Four a l f a l f a  va r i e t i e s ,  Buffalo, Zadak, Lahontan, and Moapa were 

germinated and grown i n  nu t r i en t  solut ion i n  the Plant Growth Room 

for  eight  weeks under the following conditions: f luorescent  supple- 

mented with incandescent l i gh t  a t  2000 f t  .-c. in tens i ty  (0.2 ly mine') 

measured a t  the surface of the cul ture  tank, 12-hour photoperiod, 25 C 

a i r  temperature, 56% r e l a t i v e  humidity, and 24 C root  temperature, 

For a t  l e a s t  a week before the experiment the da i ly  t r ansp i ra t ion  was 

recorded. From inspection of these data, the pot having the lowest 

r a t e  of loss  was discarded, leaving f i ve  rep l i ca t ions  fo r  each va r i e t y ,  

The object ive  of the experiment was t o  determine i f  lowering the 

root  temperature from 24 t o  10 C would decrease water absorption 

su f f i c i en t l y  t o  bring about wi l t ing ,  The temperature lowering took 

four hours, t r ansp i ra t ion  being measured from the beginning of the 
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cooling process, Under the ambient conditions described above, i n  

which the sa tu ra t ion  d e f i c i t  was 1,4,0 mb, t r ansp i ra t ion  (as deter-  

mined by measuring water absorption by non-wilted plants)  was depressed 

somewhat by the lowered root  temperature (see Figure I ) ,  For the next 

24 hours, the sa tu ra t ion  d e f i c i t  was maintained a t  18,2 mb by having 

the a i r  temperature 30 C, with a r e l a t i v e  humidity of 57%, On the 

t h i rd  day, the sa tu ra t ion  d e f i c i t  was ra ised t o  28,4 mb, As shown i n  

Figure 1, t ransp i ra t ion  responded i n  an almost l i nea r  manner t o  the 

increased sa tu ra t ion  d e f i c i t ,  However, the r a t e  a t  10 C root  tempera- 

ture  remained about 20% below tha t  of the control  root  temperature 

(24 C), A t  the l a s t  two points i n  the curve t h i s  difference was 

s t a t i s  t i c a l l y  s ign i f i can t  (1% l eve l ) ,  Water absorption apparently 

was being hindered by the low root  temperature, but a t  no time was 

absorption su f f i c i en t l y  l e s s  than t ransp i ra t ion  t o  bring about wi l t ing.  

The Lahontan var ie ty  t ranspired s ign i f i can t ly  l e s s  per square meter of 

leaf  area than Mbapa. 

II, Experiment 2. 

Since 10 C did not depress water absorption enough to  induce 

wi l t ing even a t  very high t ransp i ra t ion  ra tes ,  a second experiment 

was carr ied  out  i n  which the root  temperature was lowered t o  5 C ,  

Only Moapa was used, a t  seven weeks from germination. Ambient condi- 

t ions  were the same during the growth period as f o r  the f i r s t  experi- 

ment, except f o r  a somewhat lower l i gh t  i n t ens i t y  (1680 f t , - c , )  and 

the establishment of a low evaporative demand during the two days 

i n  which low root  temperature was i n  e f fec t ,  t o  prevent possible 

excessive dehydration of leaf  t i s sue s  i n  the t rea ted  group, The 

- 327 - 
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experiment was designed as a paired comparison, with seven rep l ica -  

t ions ,  One-half of the plants  was t ransferred abruptly from 26 to  

5 C root  temperature, while the other  hal f  remained a t  26 C. Trans- 

p i r a t i on  occurred a t  a sa tu ra t ion  d e f i c i t  of 6.0, and 4.8 mb, respec- 

t ive ly ,  f o r  two days. The t rea ted  plants  wilted toward the end of 

the f i r s t  day, but recovered overnight. The 70 per cent reduction 

i n  t r ansp i ra t ion  due t o  the f i r s t  24-hour period of exposure t o  5 C 

contras ts  sharply with the 20 per cent reduction obtained e a r l i e r  a t  

10 C. During the following day, however, t r ansp i ra t ion  a t  the low 

root temperature was reduced only 58 per cent ,  

111. Experiment 3 ,  

Six rep l ica t ions  of the same four v a r i e t i e s  used i n  the f i r s t  

experiment were grown t o  an age of 7 weeks under "standard" ambient 

conditions, except f o r  a decreased l i gh t  in tens i ty ,  1400 ft,-C. To 

mit igate  the growth reduction of p lants  exposed t o  low root  temperature, 

the length of experimental period was reduced t o  one day, Sn two hours 

the root  temperature i n  one tank was lowered from 26 t o  5 C, and 

remained constant for  an addi t ional  22 hours; the control  tank stayed 

a t  26 C. Fair ly  severe wi l t ing occurred i n  the cold-treated plants  

i n  l a t e  afternoon, followed by overnight recovery, Transpirat ion r a t e  

per square meter of leaf  area was reduced 68 per cent, a value ik 

excel lent  agreement wi th  the Moapa r e s u l t s  from Experiment 2, It is  

noteworthy tha t  even the shortened exposure ef fected a 16 per cent 

decrease i n  f resh  weight of the  blades (a 12 per cent decrease i n  dry 

weight). There were no s ign i f i can t  differences among v a r i e t i e s  i n  

t r ansp i ra t ion  r a t e  per square meter of leaf  area ,  
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I V .  Experiment 4 ,  

The four v a r i e t i e s  Buffalo, Ladak, Lahorntan., and Moapa were grown 

for  seven weeks a t  25 C and 56 per cent r e l a t i v e  humidity, and then 

maintained fo r  two days a t  30 C (a sa tu ra t ion  d e f i c i t  of 10 mb), The 

photoperiod was the same as before, 12 hours, and the in tens i ty  was 

1400 f t , -c ,  during the experiment. Each var ie ty  was repl ica ted f i v e  

times. Before the l i g h t s  came on automatically, the root  temperature 

i n  one tank was lowered from the control  s e t t i n g  of 28 to  9 6, The 

objective was t o  measure t ransp i ra t ion  fo r  successive two-hour i n t e r -  

vals  under a step-wise increase i n  sa tu ra t ion  d e f i c i t  (induced by a 

progressively lower r e l a t i v e  humidity), However, the plants i n  the 

9 C tank soon wilted, even a t  the low sa tu ra t ion  d e f i c i t  of 10 mb, 

which was the i n i t i a l  value, and the lowest deEicit  obtainable a t  30 C 

a i r  temperature. After recovery from the s l i g h t  w i l t ,  the t ranspira-  

t ion  r a t e  f o r  a l l  p lants  was followed during two-hour in te rva l s  i n  

which the sa tu ra t ion  d e f i c i t  was successively 6,7, 13,0, 17,5, and 

20,O mb, Since wi l t ing s t i l l  had not  reoccurred a t  the end of the 

day, the l a s t  s e t t i n g  was maintained overnight, The next morning 

sa tu ra t ion  d e f i c i t s  of 32,2, 44,6, and 44,9 mb were developed for  

three more 2-hour periods, the l a s t  two values being the highest t ha t  

could be reached i n  the Growth Room a t  tha t  time, During the  l a s t  

period the root  temperature was adjusted downward from 9 to  5 C, and 

was allowed l a t e r  to  sink s tead i ly  t o  5, 4, and f i n a l l y  t o  3 C during 

the l a s t  half  hour, The data p lot ted  i.n Figure 2 i n  general agree 

with those of Figure 1, i n  t ha t  the t r ansp i ra t ion  curve increases 

l inear ly  with g rea te r  sa tu ra t ion  d e f i c i t s  over the lower range, 
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but begins t o  f a l l  o f f  a t  r a the r  high values of sa tu ra t ion  d e f i c i t ,  

This general iza t ion applies t o  both t e control  and low-temperature 

treatments, The lower temperature (96) again resu l t ed  i n  a consis- 

t en t l y  lower water absorption a t  the various saturatf ,oa defFcfts ,  

The mean fo r  the f i r s t  s i x  two-hour periods was depressed 

- 2 - 1 
a t  28 C t o  237 G m 2 hr a t  9 Ci, a  43% reduction, However, no 

wi l t ing occurred a t  the 9 C root  temperature, even though there was 

,very rapid  t ransp i ra t ion  duri.ng the s i x t h  two-.hour period (estimated 

-, 2 -, 1 
a t  3500 g m 24 hr Not u n t i l  the root  temperature was lowered 

to  5 C or below did water absorption begin t o  be reduced d r a s t i c a l l y .  

Although no wi l t ing occurred even under these l a t t e r  conditions, i t  
#f' - 

i s  l ike ly  t h a t  a s imi lar  but longer i n t e rva l  would have led ult imately 

t o  wilting-as i n  experiments 2 and 3, i n  which exposure t o  a root 

temperature of 5 C fo r  24 b u r s  o r  more brought about wi l t ing even 

-2 -1 
under a more moderate r a t e  o t r ansp i ra t ion  (about 1.500 g m hx ') 

Wilting, which occurs when absorption i s  l e s s  than loss  of water, 

depends on the root  temperature, t r ansp i ra t ion  ra te ,  and duration of 

the imbalance between the two processes, As in. experiment No, 1, 

Lahontan transpired l e s s  per un i t  leaf  area than F'bapa, 

SUMMARY h CION@LUSI.ON: 

The e f f ec t  of low root  temperature and atmospheric sa tu ra t ion  

d e f i c i t  on the t ransp i ra t ion  of four a l f a l f a  v a r i e t i e s  was inves t i -  

gated i n  four control led  environment experiments, Water absorption 

by non-wilted plants  was the measure of transpiration, Figure I sums 

up the r e su l t s  obtained i n  the f i r s t  experiment, The t ransp i ra t ion  

r a t e  of both control  (24 6 root  temperature) and t rea ted  (10 6 root  
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temperature) p lants  increased almost l inear ly  with increasing sa tura-  

t i o n  de f i c i t ,  but was consis tent ly  about 20% lower a t  the low root  

temperature than a t  the control  value, 

These data, obtained from three 24-hr periods of successively 

higher sa tu ra t ion  de f i c i t s ,  i n  general a r e  confirmed by the data from 

the four th  experiment, shown i n  Figure 2 ,  Transpirat ion r a t e s  were 

measured only fo r  two-hour in te rva l s ,  but over a much grea te r  range 

of sa tu ra t ion  d e f i c i t s ,  The t ransp i ra t ion  curve increases l inear ly  

over the lower range, but begins to  f a l l  of f  a t  r a the r  high values 

of sa tu ra t ion  d e f i c i t ,  both i n  the control  and t rea ted  plants ,  Again 

the low root  temperature (9 C) resu l t ed  i n  a lower t r ansp i ra t ion  r a t e  

than did the control  root  temperature (28 C), However, water absorp- 

t i on  a t  the low root  temperature was not depressed su f f i c i en t l y  t o  

induce wil t ing,  even when fo r  a two-hour period the root  temperature 

was reduced t o  5 6, and the concurrent t r an sp i r a t i sna l  loss was e s t i -  

s- 2 - l 
mated to  have been equal to  3500 g m 24 hr 

Experiments Nos, 2 and 3 u t i l i z e d  root temperatures o f  5 C i n  

comparison t o  26 6 under low evaporative conditions, Here the plants  

wil ted a f t e r  the f i r s t  four hours of the 24-hour exposure (a t o t a l  

exposure of 48 hours i n  experiment No. 2) i n  s p i t e  of a sa tu ra t ion  

d e f i c i t  of only 4-6 mb, The 68-70% depression of the t r ansp i ra t ion  

r a t e  occurring when the root  temperature was 5 6 fo r  four hours o r  

more contras ts  sharply with the 20% depression noted a t  9 o r  1.0 C, 

There did not seem to  be any consis tent  v a r i e t a l  differences 

i n  t r ansp i ra t ion  r a t e  per un i t  leaf  area ,  Although the value fo r  

Lahontan was l e s s  than t ha t  fo r  Msapa i n  the f i r s t  and l a s t  
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experiments, there were no s ign i f i can t  differences among the four 

v a r i e t i e s  i n  experiment No, 3 ,  

These experiments emphasize the f a c t  tha t  wil t ing,  which occurs 

when absorption i s  l e s s  than t ranspira t ion,  depends on the root temp- 

erature,  concurrent t r ansp i ra t ion  r a t e ,  and the duration of the 

imbalance between the two processes, Results of t h i s  kind, with 

proper in te rpre ta t ion ,  may help explain f i e l d  behavior of a l f a l f a ,  

PERSONNEL: W, L ,  Ehrler and K, M, van Bavel (advisory) 
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ure 2. Alfal fa  transpiration sa e, mean of four var ie t i es ,  as 

uze and saturation deficit, 

L 33b. 6. 
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XNTRODUCTXOM :: 

See previous Annual Report, 

PRO CEDrnE : 

Consumptive-use measurements were made a t  the following locations 

i n  1960-61. 

1. 

2, 

3 ,  

4 .  

5 0 

6. 

7.  

8, 

RESULTS 

Cottsn - Cottsn Research Center 

Blue Panicum - Mesa Experiment Farm 

Cole Crops (Cabba e ,  Broccoli, Cauliflower) - Mesa Experiment 

Farm 

Potatoes - Mesa Experiment Parm 

Sweet Corn - Mesa Experiment Parm 

Cantaloupes - Mesa Experlmeac Farm 

Grapes - Rancho E l  Dorado 

Other vegetables - (Onions, Carrots, Lettuce) - Mesa 

Experiment Farm 

AND DISCUSS ION : 

Most vegetable crops require  frequent ear ly  i r r i ga t i ons  t o  

germinate seed, maintain stands and t o  a id  i n  placement s f  t ens i -  

o m e t e r ~ .  Therefore, i t  can be expected tha t  ea r ly  season consump- 

t i v e  and p rof i l e  use may r e f  l.ect an amount of deep percolat ion tha t  

i s  not measurable wf t h  present measuricg tecbiques, 
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Feb 

Mar 

A P ~  

%Y 

dune 

July 

Aug 

S e p t  

Oct 

Nov 

De c 
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15 DAY ImmVAL USE AND "K" VALUE FOR VARIOUS CROPS IN AR.%ZOEiiA 1961 

Jan  1-15 

16-31 

Feb 1-14 

15-28 

Mar 1-15 

16-31 

Apr 1-15 

16-30 

May 1-15 

16-31 

dune 1-15 

16-30 

J u l y  1-15 

16-31 

Aug 1-15 

16-*31 

Sept 1-15 

16-30 

Oct 1-15 

16-31 

Nov 1-15 

16-30 

Dec 1-15 

16-31 
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15 DAY INTERVAL USE AND "K" VALUES FOR VARXOUS C;R,OPS I N  ARIZONA 1961 

Jan 1-15 

16-31 

Feb 1-14 

15-28 

Plar  1-15 

16-231 

A p r  1-15 

16-30 

May 1-15 

16-31 

June 1-1.5 

16-30 

July 1-15 

G r e e n  Oq.ons 
cu K 

1,35 ,73 

l,76 ,85 

1,82 , 94 

2,38 l024 

3,15 1,30 

4.48 1,70 

6,80 2,Ol 

16-31 

A u g  1-15 

16-31 

S e p t  1-15 

16-30 

Oct 1-15 

16-31 .60 .34 .30 .I7 

Nov 1-15 1.,65 ,a4 1,20 .54 

16-30 .30 , 1.5 .1.5 .07 2,55 1.26 1,20 .59 

D e c  1-15 ,75 ,46 .45 ,27 1,95 1,19 1,05 .64 

16-31 1004 0 53 .56 ,29 1,60 ,82 .96- -49 
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15 DAY INTERVAL USE AHD "K" VALUES FOR BARXQUS GBQPS r3! -@1ZONA 1961 

Jan 1-15 

16-31 

Feb 1-14 

15-28 

Mar 1-15 

16-31 

Apr 1-15 

16-30 

May 1-15 

16-31 

June 1-15 

16-30 

duly 1-1,5 

16-31 

Aug 1-15 

16-31 

Sept 1-15 

16-30 

Oet 1-15 

16-3 1 

NOV 1.-15 

16-30 

Dec 1-15 

16-31 
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RESULTS AND DISGUSSION: 

Cotton graphs and data  w i l l  be found under WCL-21, 

The blue panicum was chise led  i n  the  ea r ly  part  o f  the season. 

i n  an attempt t o  rejuvenate the p l a n t s '  v igor ,  

A l l  vegetables were sampled under condit ions t h a t  were f a i r l y  

wet, Irrometers were used t o  ind ica te  time of  i r r i g a t i o n ,  

Although many samples were taken on the grapes, some b ias  may 

be indicated due t o  inadequate i r r i g a t i o n s ,  The s o i l  was underlain 

with sand, thus preventing any appreciable amount of l a t e r a l  movement 

of water.  Shortage of  water during peak production period may have 

reduced y i e l d s ,  

PERSOWEL: Leonard S .  Erie and Orrin F, French, Hany of  the 

consumptive use measurements were made i n  conjunction with 

experiments conducted on University s f  Arizona Experiment Farms, 

Vegetables - D r ,  W ,  Do Pew, dames Park 

Grapes - George Sharples, Lowell True 

Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



ATE SAMPL 

Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



JUNE 

Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



r a t n q  Tec%nl claw w a s  h i d  

Fejns dur"iig 1 9 
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